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Spermatogenesis is a cell differentiation process that ensures the production of fertilizing
sperm, which ultimately fuse with an egg to form a zygote. Normal spermatogenesis
relies on Sertoli cells, which preserve cell junctions while providing nutrients for mitosis
and meiosis of male germ cells. Several genes regulate normal spermatogenesis,
some of which are not exclusively expressed in the testis and control multiple
physiological processes in an organism. Loss-of-function mutations in some of these
genes result in spermatogenesis and sperm functionality defects, potentially leading
to the insurgence of rare genetic disorders. To identify genetic intersections between
spermatogenesis and rare diseases, we screened public archives of human genetic
conditions available on the Genetic and Rare Diseases Information Center (GARD),
the Online Mendelian Inheritance in Man (OMIM), and the Clinical Variant (ClinVar),
and after an extensive literature search, we identified 22 distinct genes associated
with 21 rare genetic conditions and defective spermatogenesis or sperm function.
These protein-coding genes regulate Sertoli cell development and function during
spermatogenesis, checkpoint signaling pathways at meiosis, cellular organization and
shape definition during spermiogenesis, sperm motility, and capacitation at fertilization.
A number of these genes regulate folliculogenesis and oogenesis as well. For each
gene, we review the genotype–phenotype association together with associative or
causative polymorphisms in humans, and provide a description of the shared molecular
mechanisms that regulate gametogenesis and fertilization obtained in transgenic
animal models.

Keywords: sperm motility, acrosome, Sertoli, centrosome, infertility, genetic disease

INTRODUCTION

In sexual reproduction, female and male gametes, the egg and the sperm fuse to generate a
new and unique embryo (Bhakta et al., 2019). Fertilization requires proper gametogenesis to
ensure healthy, euploid and genetically intact sperm and eggs. At gametogenesis, chiasmata hold
homologous chromosomes in opposition on the meiotic spindle during recombination to ensure
accurate segregation in the haploid gametes, and defective chromosomal segregation results in
embryonic lethality or developmental defects (Lu et al., 2012; Nagaoka et al., 2012). On the male
side, spermatogenesis generates structurally defined sperm in the testes; spermatogonia stem cells
are unipotent stem cells that self-renew or differentiate into spermatocytes which traverse the Sertoli
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cell blood–testis barrier to enter the seminiferous tubules (Law
et al., 2019). Here, spermatocytes complete two meiotic divisions
to generate round spermatids, and through spermiogenesis,
size, shape, and organelle composition of spermatids undergo
significant changes, which lead to the formation of fully elongated
sperm. At this stage, sperm are immotile and unable to fertilize
an egg in vivo; to complete their maturation process, sperm
must transit through the caput and cauda epididymis, where
they acquire the ability to become motile (Da Ros et al.,
2015). Finally, in the female reproductive tract, sperm undergo
capacitation, which consists of a series of physiological changes
that enable the sperm to fertilize an egg. Capacitated sperm
can undergo acrosome exocytosis, a step in fertilization that
consists of the exocytosis of a sub-Golgi-derived vesicle, the
acrosome, that surrounds the nucleus in the apical region of the
sperm head. Capacitated sperm are also enabled to bind to the
zona pellucida and fertilize the egg (Puga Molina et al., 2018;
Ritagliati et al., 2018).

Each step described above is regulated by a number of
genes whose targeted deletion in transgenic animal models
has been shown to cause defective gametogenesis, fertilization
and fertility phenotypes. Here, we review 21 different rare
diseases associated with fertility disorders due to mutations
in genes controlling molecular pathways that ensure proper
gametogenesis and fertilization (Table 1). To identify the
genetic intersection between defective spermatogenesis and rare
diseases, we screened 680 rare genetic conditions affecting
humans in the Genetic and Rare Diseases Information Center
(GARD), and the Online Mendelian Inheritance in Man
(OMIM). We then performed extensive literature search, to
narrow down our list to 82 monogenic and 20 polygenic
conditions presenting a fertility phenotype associated with the
rare disorder. Among the papers screened, we looked specifically
for phenotypes pertaining to testes, male germ cell development
and differentiation, Sertoli cell development, spermatogonia,
spermatogenesis, meiosis checkpoints, centriole, centrosome,
acrosome biogenesis and exocytosis, manchette formation,
nuclear sperm compaction, sperm head and tail development,
sperm motility, sperm capacitation, and hyperactivation. We
have identified 21 conditions, caused by deleterious mutations
in 22 genes regulating different aspects of sperm development,
maturation, and function. Two of these conditions were
identified using the Clinical Variant (ClinVar) database (Greer
et al., 2021) (Table 1). For each gene and the related disorder,
we provide a description of the fertility phenotype, the
underlying defective molecular mechanism, and the phenotypic
characterization of genome-edited animal models.

MECHANISMS REGULATING SERTOLI
CELL DEVELOPMENT AND FUNCTION
AT SPERMATOGENESIS

Spermatogenesis generates millions of haploid motile sperm
from diploid spermatogonia and is a process mediated by
a series of concerted molecular interactions between the
developing germ cells and the somatic Sertoli cells (Law et al.,
2019). Due to the presence of a significant amount of highly

unsaturated fatty acids, the continuous cell proliferation, and
high enzymatic activity, testes are subject to oxidative stress
due to the overexpression of reactive oxygen species, which
may compromise sperm count or affect sperm DNA integrity
(Aitken, 2020). Key regulators of spermatogenesis are the
peroxisomal membrane adrenoleukodystrophy protein (ALDP),
the hemojuvelin gene (HJV), Polycystic kidney disease (PKD)
1 and 2, the Survivor motor neuron 1 (SMN1), which codes
for the SMN protein, the Equilibrative Nucleoside Transporter
3 (ENT3), and Gap Junction Protein, Alpha-1 (GJA1), which
codes for Connexin 43. ALDP regulates the degradation process
of very long-chain fatty acids during spermatogenesis, HJV
regulates iron metabolism in the testes, and PKD1 and 2
control male germ cell development by regulating the mTOR
signaling pathway, while SMN, CONNEXIN 43 and ENT3
regulate normal Sertoli cell development, maturation and
physiology (Figure 1A, left).

Very long chain fatty acids (VLCFAs) (fatty acids with
C > 20) are constituents of cellular lipids (e.g., sphingolipids
and glycerophospholipids) and serve as precursors of lipid
mediators (van Roermund et al., 2008). VLCFAs converted
to VLCFA-CoAs, are transferred into the cell’s peroxisomes,
and are subjected to β-oxidization into long-chain or acyl-
CoAs, which are transported to the mitochondria where they
undergo β-oxidization (van Roermund et al., 2008). ALDP is
encoded by the ATP Binding Cassette Subfamily D Member 1
(ABCD1) located on the X chromosome (Watkins et al., 1995). In
humans, loss-of-function mutations in ABCD1 affect the VLCFA
degradation process, leading to a pathogenic accumulation
of saturated C24–C26 VLCFAs in the plasma, brain, adrenal
grand, and other tissues (Moser, 1997), causing myelopathies,
as reported for the X-linked adrenoleukodystrophy (X-ALD)
and the adult form, the Adrenomyeloneuropathy type (Moser,
1997). Typically, onset of adrenomyeloneuropathy type is around
the age of 30 years, with patients presenting adrenocortical
dysfunction, peripheral neuropathy, poor androgenization, low
testosterone and elevated LH and FSH, lesions in interstitial
cells of the testes, smaller seminiferous tubules, low ejaculate
volumes, oligospermia, or azoospermia, which lead to male
infertility (Powers and Schaumburg, 1981; Assies et al., 1997;
Aversa et al., 1998). In testes, docosahexaenoic acid (C22:6n-3;
DHA) synthesis in round spermatids from linolenic acid is
controlled by ELOVL2 and ELOVL5 (Gregory et al., 2013, p. 2)
and is mediated by peroxisomal β-oxidation (Rejraji et al., 2006).
Mitochondrial and peroxisomal β-oxidation induce generation of
reactive oxygen species, whose high levels have been associated
with male infertility due to defective spermatogenesis and
leukocytospermia (Pasqualotto et al., 2000). Of note, deletion
of Abcd1 in hemizygous male mice does not recapitulate the
human phenotypes (Brennemann et al., 1997) and males are
fertile (Lu et al., 1997), which raises the prediction of the
presence of putative DNA variant modifier(s) in humans that
would elicit the pathogenic phenotypes. In particular, an import
machinery in peroxisomes regulates the transport of matrix
proteins; PEX13 is a main component of this transport machinery
and Pex13 deletion leads to peroxisomal biogenesis defects
in transgenic mice; more specifically, conditional knockout of
Pex13 in Sertoli cells leads to a “Sertoli-cell-only” syndrome
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TABLE 1 | List of genes regulating different aspects of sperm development and function.

Gene Description Fertility Phenotype Rare Genetic Disease

ABCD1 ATP binding cassette subfamily D member 1
[Source:HGNC Symbol;Acc:HGNC:61]

Sertoli-cell-only syndrome and azoospermia X-Linked
Adrenoleukodystrophy,
Adrenomyeloneuropathy Type

ATM ATM serine/threonine kinase [Source:HGNC
Symbol;Acc:HGNC:795]

Meiosis arrest at gametogenesis: development of spermatocytes
arrests between the zygotene and pachytene stages; meiosis
was disrupted before normal arrest at prophase I and absence of
primary oocytes and follicles

Ataxia telangiectasia

BUB1B BUB1 mitotic checkpoint serine/threonine
kinase B [Source:HGNC
Symbol;Acc:HGNC:1149]

Impaired proliferation of spermatogonia, abnormal chromosome
segregation in spermatocytes, abnormal MII oocyte chromosomal
configurations, and meiotic chromosome segregation defects

Premature chromatid
separation with mosaic
variegated aneuploidy
syndrome

CATSPER2 Cation channel sperm associated 2
[Source:HGNC Symbol;Acc:HGNC:18810]

Failure to undergo hyperactivation, failure to
fertilize eggs

Deafness infertility syndrome

CFTR CF transmembrane conductance regulator
[Source:HGNC Symbol;Acc:HGNC:1884]

Defective sperm motility, oligospermia, asthenospermia and
teratospermia

Cystic fibrosis due to CTFR
mutations

CLPP Caseinolytic mitochondrial matrix peptidase
proteolytic subunit [Source:HGNC
Symbol;Acc:HGNC:2084]

Severe defects in granulosa cell differentiation and disruption of
normal oogenesis and
defective cellular biogenesis during early
spermatogenesis

Perrault Syndrome type III

DCAF17 DDB1 and CUL4 associated factor 17
[Source:HGNC Symbol;Acc:HGNC:25784]

Defective manchette formation, leading to aberrant sperm
morphology and lower motility

Woodhouse Sakati syndrome

DNAH1 Dynein axonemal heavy chain 1
[Source:HGNC Symbol;Acc:HGNC:2940]

Abnormal sperm flagella morphology and defective sperm motility Primary ciliary dyskinesia type
37

FGD1 FYVE, RhoGEF and PH domain containing 1
[Source:HGNC Symbol;Acc:HGNC:3663]

Aberrant sperm morphology, absence of the acrosome Aarskog Syndrome

GJA1 Gap junction protein alpha 1 [Source:HGNC
Symbol;Acc:HGNC:4274]

Interrupted folliculogenesis after the primary follicle stage,
Sertoli-cell-only syndrome

Oculodentodigital dysplasia

GPX4 Glutathione peroxidase 4
[Source:HGNC
Symbol;Acc:HGNC:4556]

Decreased sperm progressive motility associated with impaired
mitochondrial membrane potential and cellular abnormalities (e.g.,
hairpin-like flagella bend at the midpiece, swelling of
mitochondria) and oligoasthenozoospermia.

Spondylometaphyseal
dysplasia, sedaghatian type

HJV Hemojuvelin BMP co-receptor [Source:HGNC
Symbol;Acc:HGNC:4887]

Spermatogenesis defects and hypogonadotropic hypogonadism Hemochromatosis 2A

NPHP4 Nephrocystin 4 [Source:HGNC
Symbol;Acc:HGNC:19104]

Reduced sperm count and motility defects Nephronophthisis

PKD1 Polycystin 1, transient receptor potential
channel interacting [Source:HGNC
Symbol;Acc:HGNC:9008]

Cystic testis, Sertoli-cell-only syndrome and azoospermia Autosomal dominant
polycystic kidney disease

PKD2 Polycystin 2, transient receptor potential
cation channel [Source:HGNC
Symbol;Acc:HGNC:9009]

Cystic testis, Sertoli-cell-only syndrome and azoospermia,
defective sperm migration towards eggs in vivo (in fruit fly)

Autosomal dominant
polycystic kidney disease

P0C1A POC1 centriolar protein A
[Source:HGNC
Symbol;Acc:HGNC:24488]

Defective spindle formation, defective meiosis, aneuploidy. Short Stature,
Onychodysplasia, Facial
Dysmorphism, and
Hypotrichosis Syndrome

P0C1B POC1 centriolar protein B
[Source:HGNC
Symbol;Acc:HGNC:30836]

Immotile sperm with aberrant axoneme architecture Cone Rod Dystrophy type 20

PRKAR1A Protein kinase cAMP-dependent type I
regulatory subunit alpha [Source:HGNC
Symbol;Acc:HGNC:9388]

Round spermatids developing large nuclear areas devoid of
chromatin, resulting in aberrant sperm morphology with defects in
sperm head and tail and inability of sperm to bind to the zona
pellucida or fuse with eggs.

Carney complex

SLC22A5 Solute carrier family 22 member 5
[Source:HGNC Symbol;Acc:HGNC:10969]

Anatomically-deformed epididymis and obstructive azoospermia Acetyl-carnitine deficiency

SLC29A3 Solute carrier family 29 member 3
[Source:HGNC Symbol;Acc:HGNC:23096]

Oligospermia and secondary male infertility due to Sertoli-cell-only
syndrome

Histiocytosis-
lymphadenopathy plus
syndrome

SLC39A4 Solute carrier family 39 member 4
[Source:HGNC Symbol;Acc:HGNC:17129]

Sperm motility possibly due to defective zinc uptake Acrodermatitis enteropathica

SMN1 Survival of motor neuron 1, telomeric
[Source:HGNC Symbol;Acc:HGNC:11117]

Disrupted spermatogenesis due to aberrant splicing in
prepubertal testis

Adult-onset spinal muscular
atrophy

Deleterious variants in each of these genes have also been associated with monogenic rare disorders. Columns from left to right-(A) Gene name. (B) Class of protein
produced by gene. (C) Observed fertilization or gametogenesis phenotype associated with gene mutation. (D) Genetic disorder associated with gene mutation.
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FIGURE 1 | Schematic of spermatogenesis and spermiogenesis: (A) Left, proteins regulating spermatogenesis. Right inset, proteins mediating cellular remodeling at
spermiogenesis. (B) Meiosis during spermatogenesis, with focus on Prophase and Metaphase II and proteins regulating chromosome migration, DNA double strand
breaks repair, and spindle assembly checkpoint.

with a significant increase in triglycerides and cholesteryl esters
(Nenicu et al., 2009). Also, conditional deletion of Pex13 in pre-
meiotic germ cells impairs the import of peroxisomal matrix
proteins in germ cells, leading to interruption of differentiation
at the round spermatid stage and azoospermia in male mice
(Brauns et al., 2019).

Hemojuvelin gene is involved in iron metabolism and encodes
the hemojuvelin protein (Huang et al., 2005). In Hjv knockout
mice, absence of the hemojuvelin protein causes a reduction
in production of hepcidin mRNA. Hepcidin is a regulator of
iron metabolism and is able to bind to ferroportin. Upon
targeted disruption of Hjv, increased levels of ferroportin
expression have been reported in several tissues including the
liver, spleen, and blastolateral membrane (Huang et al., 2005).
Ferroportin is an ion transporter present in cellular membranes
of macrophages and endothelial cells of the intestines, and it
plays a significant role in nutrient absorption. Iron is transported
through cellular membranes by ferroportin, and iron uptake is
downregulated by hepcidin binding, indicating that Hjv plays a
role in preventing iron overload by maintaining physiological
hepcidin levels (Huang et al., 2005; Niederkofler et al., 2005).

In humans, missense mutations in HJV are associated with
Juvenile Hemochromatosis, which manifests in teens and young
adults with high iron levels throughout the entire body and
consequent symptoms such as cardiac deficits, diabetes, and
hypogonadism (Papanikolaou et al., 2004). Excess iron levels are
observed in knockout Hjv mice, particularly in the kidney, liver,
heart, pancreas, and testis (Huang et al., 2005). However, cardiac
and organ dysfunction, diabetes, hepatic fibrosis, and fertility
phenotypes are not observed as are in human hemochromatosis
(Huang et al., 2005). Male patients with hemochromatosis
experience fertility disorders due to spermatogenesis defects
and hypogonadotropic hypogonadism (McDermott and Walsh,
2005; Leichtmann-Bardoogo et al., 2012). Excess iron levels
cause oxidative stress, a phenomenon that can hamper the
delicate homeostasis required for spermatogenesis (Leichtmann-
Bardoogo et al., 2012). Spermatogenesis is protected from
iron imbalances by Sertoli cells (Leichtmann-Bardoogo et al.,
2012). Sertoli cells store excess iron and redeposit it into new
spermatocytes (Leichtmann-Bardoogo et al., 2012). Mice with
high iron levels generated by deletion of the genes encoding
iron regulatory protein 2 (IRP2) and Human homeostatic iron
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regulator protein (HFE) demonstrate iron buildup around the
seminiferous tubules, but lower buildup within the tubules,
observations that indicate a more autonomous iron regulatory
system during spermatogenesis (Leichtmann-Bardoogo et al.,
2012). Homozygous knockout Irp2 mice contain viable sperm in
the epididymis and demonstrate normal fertility (Leichtmann-
Bardoogo et al., 2012). The same amount of apoptotic cells
are observed in knockouts as are wild type mice (Leichtmann-
Bardoogo et al., 2012). Observations of sperm were not
made and no subsequent studies have utilized this model for
iron regulation in the testis. Additionally, the most frequent
non-diabetic endocrine symptom of hemochromatosis presents
as hypogonadotropic hypogonadism (McDermott and Walsh,
2005). Hypogonadism is caused by accumulation of iron in the
pituitary gonadotroph cells, which are responsible for regulating
gonadotropins (McDermott and Walsh, 2005). Low levels of
TSH, LH, and testosterone manifest, resulting in variable fertility
defects (McDermott and Walsh, 2005).

PKD 1 and 2 are two protein-coding genes associated
with the insurgence of Autosomal dominant polycystic kidney
disease (ADPKD), a monogenic disorder that results in the
bilateral development of renal cysts, leading to end-stage renal
disease (Torres et al., 2007). PKD1 codes for Polycystin-1,
an integral membrane protein presenting 11 transmembrane
domains and an extracellular region that includes 12 PKD
immunoglobulin-like fold domains, known as PKD domains,
which typically function as mediators for protein-protein
or protein–carbohydrate interactions (Hughes et al., 1995;
Mochizuki et al., 1996). PKD2 codes for Polycystin-2, a non-
selective cation/calcium channel. Polycystins form a complex
that regulates intracellular levels of Ca2+ in different cell
types involved in cell–cell and cell–matrix interactions, in the
endoplasmic reticulum, or in primary cilia. In primary cilia,
the intraflagellar transport motor component KIF3A mediates
protein movement in the cilium and is necessary for ciliary
formation (Harris and Torres, 2009). Kidney-specific deletion of
Kif3a disrupts this protein transport and mutant mice develop
renal cysts (Lin et al., 2003). Moreover, the polycystin complex
serves as a flow-sensor in the cilium mediated by Ca2+ influx
into the cell that occurs through the polycystin-2 channel.
Pkd1 and Pkd2 null mice are embryo lethal, due to defects in
formation of the kidney, pancreas, heart, and capillary blood
vessels, whereas conditional deletion of Pkd1 leads to the
development of cysts in the mouse kidneys (Shibazaki et al.,
2008). Pkd2ws25/− mice (an animal model of ADPKD) show
hepatic cysts, cardiac defects, and renal failure (Wu et al., 2000).
Extra-renal cyst development occurs in male reproductive organs
including the testis, epididymis, seminal vesicles, and prostate
(Danaci et al., 1998).

In adult human testes, presence of cilia has been reported in
the peritubular myoid cells and in differentiating Leydig cells.
Of note, cilia are also present in pathological conditions such as
in azoospermic patients with Klinefelter syndrome (presenting
Sertoli cell-only phenotype) (Nygaard et al., 2015). Atrophic
testes typically present peritubular cells that produce aberrant-
long cilia (Nygaard et al., 2015). Male fertility phenotypes
are not uncommon in ADPKD patients, with individuals

presenting necrospermia and testis cysts; one possible molecular
mechanism behind such fertility phenotypes may reside within
the mechanistic Target of Rapamycin (mTOR) signaling pathway.
The mTOR signaling is aberrantly upregulated in ADPKD and
rapamycin has been shown to inhibit cyst expansion (Shillingford
et al., 2006). In testes, mTOR regulates spermatogonial stem
cell maintenance and differentiation, controls the physiology
of Sertoli cells, and helps preserve the maintenance of
the blood–testis barrier, while nurturing maturing sperm
during spermatogenesis (Moreira et al., 2019). Indeed, chronic
inhibition of mTOR by rapamycin leads to a partially reversible
spermatogenic arrest in adult male mice; this is due to defects
in sex body formation and meiotic sex chromosome inactivation,
which lead to partially reversible impaired spermatogenesis and
male infertility (Zhu et al., 2019). Dysregulation of mTOR
signaling in the testes of ADPKD patients could represent the
cause of cystic testes and possibly other unreported testis-related
fertility phenotypes.

SMN1 codes for the SMN protein, which mediates the
assembly of small nuclear ribonucleoproteins (snRNPs), key
constituents of the spliceosome machinery (Lefebvre et al., 1995).
SMN is expressed in motor neurons, as well as muscle, heart,
lung, and intestine tissues (Ottesen et al., 2016). In humans,
deletion and missense mutations have been associated with the
insurgence of Adult Spinal Muscular Atrophy (SMA), a group
of genetic conditions that gradually abolishes motor neurons
that result in muscle weakness, impairment in the control of
skeletal muscle activities (e.g., speaking, walking, breathing, and
swallowing), and atrophy (Lefebvre et al., 1995). Typically, the
severity of SMA is defined by the SMN levels: SMN signals the
proper assignment of spliceosomal proteins to the corresponding
snRNA (Pellizzoni et al., 2002). Subsequently, SMN dissociates
from this complex and the snRNA proceeds to RNA splicing
(Pellizzoni et al., 2002). In the mammalian genome, the paralog
SMN2 is unable to rescue the phenotypes due to SMN1 null
mutations (because of skipping of exon 7 at splicing that results in
an only partially functioning SMN17 truncated protein) (Lorson
et al., 1999). Abnormal splicing of particular genes such as
Neurexin 2 (NRXN2), which coordinates synapse development,
and Ubiquitin like modifier activating enzyme 1 (UBA1), whose
function is to regulate ubiquitin levels, have been proposed to
trigger neuromuscular specific phenotypes observed in SMA (See
et al., 2014; Wishart et al., 2014).

Homozygous Smn1 Smn2 double knockout mice present
periimplantation lethality (Hsieh-Li et al., 2000). Therefore,
extensive research efforts have been made to establish a mouse
model with an intermediate form of the disease, in an effort
to provide a research tool to better investigate SMA. To this
end, expression of human SMN2 and SMN17 in the Smn1 null
background in transgenic mice is shown to rescue the embryo-
lethal phenotype, with transgenic rescue mice showing spinal
cord and skeletal muscle abnormalities similar to phenotypes
seen in SMA patients (Hsieh-Li et al., 2000). Another SMA
mouse model known as SmnC/C mouse, expresses two copies of a
chimeric-hybrid transgene defined by the murine genomic Smn1
(exons 1-6) and human genomic SMN2 (spanning exons 7–8)
carrying a 42 kb genomic SMN2 segment (downstream of exon 8)

Frontiers in Cell and Developmental Biology | www.frontiersin.org 5 February 2021 | Volume 9 | Article 634536

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-634536 February 10, 2021 Time: 18:50 # 6

Linn et al. Spermatogenesis and Rare Disorders

(Osborne et al., 2012). This mouse generates ∼25–50% of the
SMN protein, and presents symptoms of SMA, including small
testis, reduced number of post-meiotic cells, and disrupted
spermatogenesis (Ottesen et al., 2016). Also, sperm count has
been reported as severely reduced (∼10 times lower than normal
mice) (Ottesen et al., 2016). SmnC/C testis transcriptome analyses
report downregulation of genes expressed in late spermatocytes
and spermatids, and an altered expression of genes regulating
apoptotic pathways, which may affect pre-pubertal Sertoli cell
development (Bao et al., 2015).

The Solute Carrier Family 29 Member 3 (SLC29A3) gene
encodes ENT3, an intracellular nucleoside transporter. ENT3
localizes to late endosomes, lysosomes, and mitochondria, and
it translocates hydrophilic nucleosides across the membrane to
regulate DNA synthesis and purinergic signaling (Young et al.,
2013, p. 29). In humans, homozygous or compound heterozygous
loss of function mutations in SLC29A3 have been associated
with Histiocytosis-lymphadenopathy plus syndrome, a genetic
disease that includes 4 previously thought different histiocytic
conditions. Resulting conditions include Faisalabad histiocytosis
(FHC), Sinus Histiocytosis with Massive Lymphadenopathy
(SHML), H syndrome, and Pigmented Hypertrichosis with
Insulin-dependent Diabetes mellitus syndrome (PHID) with
a broad spectrum of clinical defects involving the skin,
pancreas, eyes, musculoskeletal system, or presenting multiple
hematological and endocrinological features (Morgan et al.,
2010). In particular, H syndrome has been reported to associate
with hyperpigmentation, hypertrichosis, hepatosplenomegaly,
heart anomalies, hearing loss, low-height, hyperglycemia and
hypogonadism (Molho-Pessach et al., 2008, p. 3). Gene deletion
of Slc29a3 in mice recapitulates the defective human phenotypes
including hypogonadism (Nair et al., 2019); male mice show
severe subfertility, producing small litters (2/3 pups per litter) and
secondary infertility, possibly due to endocrinopathy (Nair et al.,
2019), although no phenotypic evidence for the mouse gametes is
reported. Of note, ENT3 is expressed in mammalian Sertoli cell
lines (Kato et al., 2006), implicating a possible role of ENT3 in
mammalian spermatogenesis.

GJA1 codes for Connexin 43, a main component of gap
junctions, which consists of intercellular channels and ensures
diffusion of low-weight molecules between adjacent cells. GJA1 is
expressed in a broad variety of tissues such as brain, eye, muscles,
skin, and bones. More than 70 different missense GJA1 mutations
have been associated in humans with misassembled channels
or altered channel conduction properties, leading to a genetic
condition known as Oculodentodigital Dysplasia, an autosomal
dominant disorder with high penetrance and variable expressivity
(Paznekas et al., 2003). Typical phenotypes include craniofacial
anomalies (e.g., thin nose with hypoplastic alae nasi, small
anteverted nares, prominent columnella, and microcephaly),
brittle nails and hair abnormalities of hypotrichosis, dysplastic
ears and conductive hearing loss, ophthalmic defects (e.g.,
glaucoma, and optic atrophy), cleft palate, and mandibular
overgrowth (Paznekas et al., 2003). Gene deletion in transgenic
mice leads to perinatal lethality due to congenital defects in the
heart (Reaume et al., 1995, p. 43). Conditional deletion of Gja1
in mouse testis results in seminiferous tubules presenting only

Sertoli cells which surprisingly continue to proliferate even after
20 days of age, and severe reduction of maturing germ cells lead
to a Sertoli-cell-only phenotype (Sridharan et al., 2007).

CHECKPOINT SIGNALING PATHWAYS
REGULATE DNA DAMAGE RESPONSE
AT MEIOSIS

To ensure successful transmission of genetic information
to the progeny, meiosis checkpoints halt the beginning of
late cell-cycle events until the completion of earlier events
(Hartwell and Weinert, 1989). Checkpoints are necessary to
activate repair mechanisms upon DNA damage, for genome
stability, and to ensure faithful segregation of replicated
chromosomes (Hartwell and Weinert, 1989). At meiosis, the
Ataxia-Telangiectasia Mutated (ATM) and the Bub1-Mitotic
Checkpoint Serine/Threonine Kinase B (BUB1B) genes regulate
cell cycle checkpoint signaling pathways (Figure 1B).

ATM encodes a kinase that responds to DNA double strand
breaks (DSBs) by regulating the ATM- and Rad3-related (ATR)
kinase, a checkpoint kinase required for meiosis progression
(Jazayeri et al., 2006; Lange et al., 2011) and for DNA repair
in cases of excess DSBs formation (Lange et al., 2011). In
humans, missense, frameshift, or nonsense mutations in the
ATM gene result in the absence of a functional ATM protein
and the insurgence of a rare genetic disease defined as Ataxia
telangiectasia (Jacquemin et al., 2012). Symptoms include
susceptibility to cancer development, cerebellar impairments
causing ataxia, oculomotor apraxia, immune deficits, and fertility
impairments (Jacquemin et al., 2012). Gonadal insufficiencies
causing infertility originate with meiotic arrest, and meiotic
disruptions likely occur in the crossing over stages of prophase I
(Xu et al., 1996).

Atm null mice lack round and elongated spermatids (Xu et al.,
1996), whereas in females degenerate ovaries do not contain early
stage oocytes or development of follicles (Xu et al., 1996). Atm
is epistatic over the Spo11 Initiator Of Meiotic Double Stranded
Breaks gene (Spo11), which regulates the formation of DSBs
at crossing over (Lange et al., 2011). Atm null spermatocytes
present an increase in SPO11 expression, likely associated with
a higher number of DSBs (Lange et al., 2011). It is believed that
the ATM kinase is activated by DSBs, and by phosphorylation
it downregulates SPO11, decreasing the generation of DSBs in
a negative feedback loop (Lange et al., 2011). Atm knockout
mice show growth retardation, immune deficits, develop thymic
lymphomas, and present testicular and ovarian abnormalities (Xu
et al., 1996). Immunostaining of spermatocytes with polyclonal
antibodies against the chromosomal core protein COR1 has been
performed to follow chromosomal synapse complexes during
crossing over (Xu et al., 1996). At meiosis, ATM initiates repair
of DSBs (Xu et al., 1996; Lange et al., 2011) and absence
of ATM is found to correlate with unusually high numbers
of univalents, only partially synapsed bivalents, and a delay
in observed synapsis (Xu et al., 1996). Also, bivalents are
fragmented, causing chromosome fragmentation. In the testes
of Atm null males, development of spermatocytes halts between
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the zygotene and pachytene stages of meiotic prophase, which
lead to male infertility (Xu et al., 1996). Null mice present a
female fertility phenotype as well: in the null ovaries, no primary
oocytes or follicles are observed and meiosis is disrupted before
normal arrest at prophase I, which results in female infertility
(Xu et al., 1996).

BUB1B codes for a kinase controlling spindle checkpoint
function: BUB1B delays the onset of anaphase by acting
at the kinetochore and inhibiting the anaphase-promoting
complex/cyclosome; this mechanism ensures proper
chromosome segregation prior to cell division (Cahill et al.,
1998; Taylor et al., 1998; Perera et al., 2007). In humans,
deleterious biallelic mutations (missense or frameshift) which
inactivate the BUB1B kinase domain are associated with a
Premature Chromatid Separation Trait, which leads to Mosaic
Variegated Aneuploidy Syndrome (Limwongse et al., 1999). This
autosomal recessive disorder is defined by mosaic aneuploidies
(trisomies and monosomies) observed in different chromosomes
and tissues. Patients with this condition present aneuploidies
in more than 25% of their cells (Rudd et al., 1983), which
is associated with variable developmental delay and a wide
range of other congenital defects such as intrauterine growth
retardation, microcephaly and eye anomalies. Plus, severe risks
of malignancy are reported including rhabdomyosarcoma,
Wilms tumor, leukemia (Hanks et al., 2004) and ovarian
cancer (Feng et al., 2019). Furthermore, BUB1B has been
associated with infertility due to premature ovarian insufficiency
(Chen et al., 2020). Gene deletion of mouse Bub1b leads to
embryo lethality (Baker et al., 2004); however, through a
sophisticated gene deletion strategy, mutant mice homozygous
for the ‘H’ allele (Bub1bH/H) were generated and found to be
infertile. In these mice, transcription of the ‘H’ allele leads to
a precursor mRNA which is occasionally spliced abnormally
(Baker et al., 2004), causing the development of mutant mature
Bub1b mRNA that is not translated; this reduces the cellular
BUB1B protein levels (Baker et al., 2004), leading to male
and female infertility. Testis weight of homozygous mutant
males is lower than normal controls and sperm count is
significantly reduced. Sperm motility, morphology, and ability
to bind to the zona are reported as normal, though no data
in the original manuscript is shown regarding sperm ability
to fuse with the ovulated eggs. Of note, Bub1bH/H ovulates
a larger number of eggs (206 eggs) compared to normal
(152), but only 6% lead to 2-cell stage embryos (Baker et al.,
2004). Also, 5% of spermatocytes in metaphase of meiosis
II present abnormal karyotypes; moreover, in follow-up
studies, conditional deletion of Bub1b in mouse testis impairs
proliferation of spermatogonia, induces abnormal chromosome
segregation in spermatocytes, and drastically reduces sperm
production (over 80%), resulting in male infertility (Perera
et al., 2007). Hence, lower expression or full deletion of
Bub1b in the testes impairs spermatogenesis and fertilization
(Baker et al., 2004). In females, Bub1bH/H ovaries are able to
ovulate MII oocytes, though ∼70% of ovulated eggs present
highly abnormal MII chromosomal configurations, leading to
meiotic chromosome segregation defects and female infertility
(Baker et al., 2004).

SPERM CELLULAR ORGANIZATION AND
SHAPE

In the final stage of spermatogenesis, defined as spermiogenesis,
spermatids undergo cellular and nuclear reshaping, organelle
reorganization, and tail formation, which results in the
development of mature spermatozoa. Centrosomes are formed
from centrioles, organelles located near the nuclear envelope of
animal cells which are necessary for the proper organization of
microtubules, as well as for the positions of the nucleus and other
organelles (Avidor-Reiss and Turner, 2019). At spermiogenesis,
the manchette, a transient microtubular platform consisting of α-
and β-tubulin heterodimers (Lehti and Sironen, 2016), mediates a
number of considerable changes in the developing haploid germ
cells, which include the development of the sperm tail as well
as the condensation and elongation of the sperm head (Gaffney
et al., 2011). Mature mammalian sperm are characterized by
a strong flagellum to drive them through the female genital
tract and are equipped with several mitochondria that generate
energy for the flagellum motility (Gaffney et al., 2011); the
flagellum axoneme is defined by two central singlet microtubules
surrounded by nine microtubule doublets, which in turn are
enclosed by nine outer dense fibers (Gaffney et al., 2011). The
sperm head presents a condensed haploid nucleus containing
tightly packed DNA coiled around protamines (Wykes and
Krawetz, 2003). Underlying the anterior plasma membrane of the
sperm head is the acrosome, a secretory Golgi-derived subcellular
organelle, that contains a number of lytic enzymes, which are
not necessary for binding or penetration of the zona pellucida in
mice (Buffone et al., 2014). Nonetheless, one of these enzymes,
Acrosin, is necessary for zona penetration in hamsters (Hirose
et al., 2020) (Figure 1A, right panel).

Key molecular players in the definition of cellular structure
are POC1 Centriolar Proteins (POC1) A and B (POC1A and B),
FYVE, RhoGEF and PH domain containing 1 (FGD1 encoding
FGD1), DDB1– and Cul4–Associated Factor 17 (DCAF17,
encoding Cullin-RING E3), Caseinolytic Peptidase P (CLPP),
and Protein Kinase Camp-Dependent Type I Regulatory Subunit
A (PRKAR1α). The POC1 Centriolar Protein (POC1) A and
B (POC1A and B) play important roles in the elongation
and structural stability of the centriole (Geister et al., 2015).
FGD1 possibly controls acrosome biogenesis, Cullin-RING E3
regulates manchette formation and nuclear compaction, CLPP
regulates mitochondrial activity during early spermatogenesis,
and PRKAR1α controls normal sperm head and tail development
during male germ cell differentiation.

In human sperm, centrosomes are defined by the proximal
centriole (PC), surrounded by the pericentriolar material (PCM),
and the distal centriole (DC). The sperm DC is located at the
base of the axoneme, and an atypical structure is defined when
its microtubules are wide-opening outward. During spermatid
development, a number of DC centriolar proteins organize
into rods (Fishman et al., 2018). In bovine sperm, it has been
shown that DC recruits the PCM, to establish a daughter
centriole, which localizes to the spindle pole, while remaining
attached to the axoneme (Fishman et al., 2018). This structure
is an atypical sperm centriole, which serves as the second

Frontiers in Cell and Developmental Biology | www.frontiersin.org 7 February 2021 | Volume 9 | Article 634536

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-634536 February 10, 2021 Time: 18:50 # 8

Linn et al. Spermatogenesis and Rare Disorders

centriole of the zygote (Fishman et al., 2018). In humans,
missense mutations or deletion of POC1A are associated with
Short Stature, Onychodysplasia, Facial Dysmorphism, and
Hypotrichosis Syndrome, which results in stunted bone and
ectodermal tissue development (Sarig et al., 2012). Deleterious
mutations in POC1A result in an increased number of centrioles
and an aberrant Golgi stack assembly, leading to abnormal
cellular material trafficking (Sarig et al., 2012). Abnormal Golgi
function has been associated with disorders of the bone and skin,
and abnormal centriole formation causes severe disruption to
Golgi trafficking (Sarig et al., 2012). Ciliary function also regulates
chondrocytes differentiation, and POC1A deleterious mutations
alter this process (Geister et al., 2015). In mice, expression
of Poc1a is enriched in the seminiferous tubules and Sertoli
cells, and LINE-retrotransposon mediated deletion of Poc1a
(chagun mice) mimic the human disorder and results in male
infertility, due to defective meiosis in germ cells (Sarig et al., 2012;
Geister et al., 2015). Mutant mouse embryos develop additional
centrosomes, and occasionally 3– 4 spindle poles, which likely
results in aneuploidy (Geister et al., 2015). In cases where proper
spindle formation proceeds, only ∼28% of cells develop primary
cilia (Geister et al., 2015). While some spermatocytes are observed
in knockout seminiferous tubules, developing germ cells are
not generally present (Geister et al., 2015, p. 1). Particularly, in
mutant males, secondary spermatocytes and round/elongating
spermatids do not develop, which may indicate that cell death
occurs in the pre-leptotene stage of spermatogenesis (Geister
et al., 2015). Male infertility is due to these early meiotic defects
originating with spindle formation (Geister et al., 2015, p. 1).

POC1B together with POC1A, maintains centriole structure
and ensures proper formation of the mitotic spindle. Studies
performed in zebrafish localize poc1b expression to the basal
bodies of primary cilia in the retina membrane (Roosing
et al., 2014). POC1B interacts with the FAM161 centrosomal
protein A gene (FAM161A) to regulate ciliary development in
the basal body (Roosing et al., 2014). Knockdown of poc1b
is induced through a morpholino-oligonucleotide in zebrafish,
which prevents the splicing or translation of Exon 2 (Roosing
et al., 2014). Truncated poc1b protein interacts significantly less
with fam161a and small eyes develop (Roosing et al., 2014).
Additional phenotypes commonly observed with ciliopathies
are displayed, including a curved body axis and kidney cysts
(Roosing et al., 2014). In the free-living ciliate Tetrahymena
thermophila, and in humans, POC1B is localized to the basal
body cartwheel, to the site of new basal body assembly, and
to the microtubule cylinder walls; this protein preserves the
stability of basal bodies, while ensuring proper ciliary-based
motility, and cilia formation (Pearson et al., 2009). Poc1b small
interfering (si)RNA treated cells demonstrate a 30% decrease
in ciliogenesis, alongside shortened and bent cilia development
(Pearson et al., 2009). In humans, deletion or missense mutations
in POC1B, usually affecting exons 6 or 7, cause the loss of
association of the basal body to the primary cilium (Roosing
et al., 2014). These mutations are associated with autosomal Cone
Rod Dystrophy type 20 (Roosing et al., 2014). Defects originating
in the ciliary function of retina cause either complete absence
of, or the progressive degeneration of, cone function affecting

color detection (Roosing et al., 2014). Disease progression may
later impair rod function, likely owing to degeneration of cone
function (Roosing et al., 2014).

In Drosophila, poc1b is expressed in spermatogonia and
throughout spermatogenesis (Khire et al., 2016). Unlike other
ciliary regulatory proteins, POC1B has been found to be
upregulated in the maturation of spermatogonia to spermatozoa
(Khire et al., 2016). The giant centriole (GC) and the
proximal centriolar-like structure (PCL) are two centrioles
highly involved in proper centrosome formation (Khire et al.,
2016). Downregulation of GC and PCL proteins is observed
as spermatids mature to spermatozoa, whereas poc1b is
consistently upregulated (Khire et al., 2016). Additionally,
POC1B is highly expressed at the center of the PCL (Khire
et al., 2016). In spermatocyte, POC1A and B are necessary
for GC elongation; in particular, POC1A is shown to be
necessary and sufficient for sperm motility, and POC1B for
controlling the protein composition PCL (Khire et al., 2016).
Poc1b mutants show immotile sperm presenting with aberrant
axoneme architecture, and early embryos present monopolar
spindles lacking microtubule aster (Khire et al., 2016). These
mutant phenotypes are rescued by the expression of a Poc1
transgene. In particular, the transgene consists of a BamGal4
promoter which can drive the expression of a polycistronic
mRNA consisting of an untagged poc1A and a GFP-tagged
poc1b (Khire et al., 2016), specifically in late spermatogonia and
early spermatocytes. Trangenic-rescue sperm can fertilize normal
oocytes, and embryos show bipolar spindles and microtubule
asters (Khire et al., 2016).

The FGD1 gene encodes the FGD1 protein, a guanine-
nucleotide exchange factor (GEF) that is responsible for the
activation of the p21 GTPase CDC42 (German Pasteris et al.,
1994; Zheng et al., 1996; Kierszenbaum et al., 2003). The FGD1
protein is defined by a proline-rich N-terminus, the GEF and
pleckstrin homology (PH) domains, a FYVE-finger domain, and
a PH domain (PH2) located at the C terminus of the protein;
these latter domains mediate protein signaling and subcellular
localization (Zheng et al., 1996). In humans, several mutations in
FGD1 have been associated with the manifestation of Aarskog-
Scott syndrome (Lebel et al., 2002; Orrico et al., 2005; Bottani
et al., 2007), an X-linked genetic disease defined by severe a
short stature, hypertelorism, shawl scrotum, and brachydactyly,
and occasionally intellectual disability (German Pasteris et al.,
1994). Moreover, a 31 years old male patient with Aarskog-Scott
syndrome is reported with infertility and recurrent miscarriage,
possibly due to severe spermatogenesis defects, with 95% of his
sperm lacking the acrosome (Meschede et al., 1996). In mice, Fgd1
expression is localized at sites of active bone formation within
osteoblasts, playing a pivotal role during skeletal formation
(German Pasteris et al., 1994). In particular, Fgd1 expression
has been described in the subcortical actin cytoskeleton and in
the Golgi apparatus (Estrada et al., 2001), the latter defining
spermatid polarity and being the source of proacrosomal vesicles
during the biogenesis of the acrosome (Kierszenbaum et al.,
2003). Although no sperm-specific conditional knockout mouse
for Fgd1 has been reported yet, it is conceivable to speculate a
role of Fgd1 during acrosomal biogenesis (Meschede et al., 1996).
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Indeed, a conditional knockout mouse for Fgd1 would prove
useful to inform on the relation between CDC42 and FGD1 at
spermatogenesis.

DCAF17, a member of DCAF family genes, encodes substrate
receptor proteins for Cullin-RING E3 ubiquitin ligases, enzymes
that act as key mediators of post-translational protein regulation
in multiple cellular processes. Deleterious variants in DCAF17
have been identified as the primary cause of Woodhouse
Sakati syndrome, a rare autosomal recessive genetic condition
characterized by alopecia, hearing impairment, diabetes mellitus,
learning disabilities, extrapyramidal manifestations, and
hypogonadism (Alazami et al., 2008). Gene deletion of Dcaf17 in
male mice leads to infertility due to aberrant sperm development
and morphology due to a defective manchette formation and
nuclear compaction during spermiogenesis (Ali et al., 2018,
p. 17): Dcaf17 null males produce a low number of sperm that
present abnormal shape and lower motility. Morphology
analyses show sperm with deformed and decondensed
nuclei with defective nuclear chromatin condensation, with
triangular, oval or amorphous head shapes, miss-localized and
deformed and detached acrosomes (which were missing in
20% of the sperm), disorganized and disrupted mitochondrial
sheaths with disorganized outer dense fibers, and aggregating
mitochondria near the deformed nucleus (Ali et al., 2018, p. 17),
a phenotype similar to oligoasthenoteratozoospermia in humans.
DCAF17 acts as receptor for several Cullin4-based E3 ligase
complexes and serves as substrate to the E3 ligase complex for
protein ubiquitination (Lee and Zhou, 2007). During sperm
development, two proteins, CUL4A and CUL4B function as
scaffold proteins for the assembly of the Cullin4-based E3 ligase
complex (Jackson and Xiong, 2009). Testicular phenotypes
obtained upon gene deletion of Cul4a and Cul4b resemble the
results observed in Dcaf17 knockout testes; this may implicate a
collaborative role of CUL4A, CUL4B, and DCAF17 proteins in
regulating spermatogenesis via ubiquitin-mediated mechanism
for maintenance of protein homeostasis.

CLPP encodes a mitochondrial peptidase conserved in
prokaryotes and eukaryotes (Gispert et al., 2013) that is
sufficient to digest small polypeptides without ATP requirement
(Gispert et al., 2013). For hydrolysis of larger proteins, CLPP
rings are secured by the activity of the ATP-dependent Clp
protease ATP-binding subunit Clpx (CLPX) enzyme (Voos,
2009; Gispert et al., 2013). CLPP has been identified also as
a component of mitochondrial unfolded protein response, a
reaction in which CLPP expression increases under accumulation
of unfolded proteins (Voos, 2009). The CLPP/CLPX protein
complex establishes a proteolytic barrel structure in which target-
proteins in the mitochondria are broken down (Gispert et al.,
2013). In the mouse, Clpp expression is enriched in a variety of
tissues, including liver, brain, heart, ovary, and testis (Gispert
et al., 2013). In humans, missense CLPP mutations cause Perrault
syndrome type 3, which is characterized by sudden sensorineural
hearing loss, epilepsy, growth retardation (Dursun et al., 2016),
ovarian dysgenesis manifesting in amenorrhea, and azoospermia
in men (Gispert et al., 2013; Demain et al., 2017). The missense
mutations reported likely affect the alpha helices and beta sheets
of CLPP, as well as disrupt the hydrophobic cleft of the protein

that is responsible for the interaction with CLPX (Jenkinson
et al., 2013). Consequent structural abnormalities cause deficits
in CLPX functionality, resulting in decreased degradation of
misfolded proteins. This excess of abnormal protein content
induces poor cell functionality in expressed locations, including
sensory hair follicles and developing ovaries (Jenkinson et al.,
2013). Clpp null mice showed an increased expression of CLPX
in the liver, brain, heart, testis, and ovary (Gispert et al., 2013).
Analogous to the observed symptoms associated with CLPP
mutations, increased CLPX expression has been correlated to
impaired hearing, motor deficits, and male and female infertility
(Gispert et al., 2013). Clpp deletion in mouse testes have been
shown to lead to halted spermatogenesis before the formation
of spermatids, likely due to the presence of misfolded proteins
(Gispert et al., 2013; Jenkinson et al., 2013). It is conceivable that
absence of CLPP leads to a compensatory effect by inducing the
expression of cytosolic protease subunits to enhance degradation.
Yet, Clpp null seminiferous tubules completely lack spermatids
and mature spermatozoa in the testis, and electron microscope
analysis shows severe defective cellular organization with no
acrosomes or axonemes (Gispert et al., 2013).

PRKAR1A encodes the R1α regulatory subunit of cAMP-
dependent protein kinase A (PKA). PKA mediates cellular
cAMP signaling in mammals. PKA consists of a tetramer
defined by two catalytic subunits and two regulatory subunits,
which reversibly bind to cAMP to release the active catalytic
subunits (Bossis and Stratakis, 2004). cAMP/PKA mediated-
phosphorylation regulates cellular metabolism, proliferation,
differentiation, and apoptosis (Bossis and Stratakis, 2004).
PRKAR1A acts as a tumor suppressor gene, and frameshift
mutations result in haploinsufficiency of R1α associated with
Carney complex (Casey et al., 2000). This rare genetic disease
is defined by different benign neoplasia, which affects a broad
spectrum of tissues including heart, skin, and endocrine tissues,
or results in abnormalities of skin complexion and a spotty
appearance (Bossis and Stratakis, 2004). Mutant mice carriers
for a null mutation in Prkar1a present unregulated PKA activity
which results in severely reduced male fertility (Burton et al.,
2006). Heterozygous mutant males show low sperm count,
and mature sperm from the cauda epididymis present aberrant
shapes, bended and fragmented tails, detached heads, and an
inability to bind to the zona or fuse with zona-free oocytes
upon in vitro insemination (Burton et al., 2006). It is shown
that altered phosphorylation levels of nuclear proteins by PKA
lead to stage-I round spermatids developing large nuclear
areas devoid of chromatin, resulting in the aberrant phenotype
(Burton et al., 2006). Of note, a similar fertility phenotype is
observed in Carney complex patients, with sperm presenting
abnormal heads and tails comparable to the mutant mice
(Burton et al., 2006).

SPERM MOTILITY AND CAPACITATION

Sperm motility and capacitation are key factors that permit the
sperm to travel through the female genital tract, transverse the
oocyte vestments (which include the cumulus mass and the
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zona pellucida, an extracellular glycoprotein matrix surrounding
mammalian oocyte), and undergo acrosome exocytosis (Puga
Molina et al., 2018; Ritagliati et al., 2018; Bhakta et al., 2019).
During sperm capacitation, several modifications including
alteration of motility and the induction of acrosomal exocytosis
enable sperm to efficiently travel and penetrate the zona pellucida
of the egg (Puga Molina et al., 2018). The motility of the
sperm is ensured by the flagellar dyneins, the molecular motors
that regulate shearing and bending of the sperm flagellum
(Neesen et al., 2001). Also, the flagellum is defined by three
functional regions, which are the mid-piece, the principal piece,
and an end-piece. The principal piece presents the vast majority
of characterized ion channels that regulate sperm motility
(Lishko and Mannowetz, 2018).

Crucial molecular regulators of sperm motility and
capacitation are Dynein Axonemal Heavy Chain 1 (DNAH1),
the Cystic Fibrosis Transmembrane Conductance Regulator
(CFTR), the CatSper channel, Glutathione peroxidase 4 (GPx4),
Nephrocystin 4 (NPHP4, coding for Nephroretinin), PKD2, and
the solute carrier family 39 member 4 (SLC39A4, which encodes
a zinc transporter protein known as Zip4).

DNAH1 is a central component of the dynein chains in
the flagella of sperm, CFTR and CatSper are ion channels
which mediate sperm capacitation prior to fertilization, GPX4
preserves normal mitochondrial function to ensure morphology
and sperm progressive motility, Nephroretinin localizes next to
the basal bodies of sperm flagella to regulate flagellar motility,
PKD2 (described above) regulates directional sperm motility
in vivo (in Drosophila), and ZIP4 regulates zinc uptake which
has been reported to be critical during spermatogenesis and in

the regulation of sperm motility (in the Japanese eel and in
C. elegans) (Figure 2).

DNAH1 encodes a heavy chain localized to the inner dynein
arms of mammalian cilia and flagella. Cilia are comprised of
outer and inner dynein arms, which contain light, intermediate,
and heavy dynein chains (Neesen et al., 2001). Heavy dynein
chains drive the motor function of cilia and flagella through
ATP hydrolysis performed in the P loops of the heavy chain.
On the N terminus of the heavy chains is located a stem
structure which interacts with light and intermediate chains
to create bonds and form dynein complexes (Neesen et al.,
2001). On the C-terminus, a microtubule binding site serves
as a point of attachment for motor function (Neesen et al.,
2001). In mice, expression of the DNAH1 homolog, Mdhc7, is
observed in developing testis by postnatal day 17. Knockout
mice have been generated through disrupting exons responsible
for encoding the ATP binding site on dynein heavy chain
7 (Neesen et al., 2001). While heterozygotes do not possess
notable impairments to fertility, homozygous knockout males
are infertile and fail to produce MDHC7 protein. The majority
of mutant sperm are immotile, indicating that the MDHC7
protein is an important component of dynein chains in the
sperm flagella (Neesen et al., 2001). However, knockout mouse
sperm can fertilize eggs in vitro, albeit with low efficiency, though
no analyses of sperm-egg binding have been reported (Neesen
et al., 2001). In humans, missense or frameshift mutations in
DNAH1 have been associated with Primary Ciliary Dyskinesia
(PCD). PCD manifests as respiratory deficits in affected patients
causing sinusitis, bronchitis, and lung damage. Impaired ciliary
function disrupts the ability of cilia in the airway to propel mucus

FIGURE 2 | Motility and functionality of mouse and human sperm: schematic portraying the structure of mature mouse and human sperm. Proteins regulating sperm
motility and ability to fertilize eggs are expressed in the mid-piece, or in the principal piece. Sperm heads present a nucleus and an acrosome.
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(Imtiaz et al., 2015). Impairments to ciliary and flagellar function
caused by PCD lead to subfertility in female patients due to
reduced functionality of human oviduct cilia. Similarly to mice,
infertility associated with PCD in men is correlated with defective
sperm motility (Imtiaz et al., 2015); particularly, abnormalities
in sperm flagella morphology are observed in patients with
homozygous frameshift and nonsense mutations in DNAH1.
Patients exhibit asthenzoospermia and flagellar morphological
abnormalities such as short, coiled, kinked, and absent flagella
(Wang et al., 2017). Sperm viability in affected patients ranges
from 35 to 75% (Wang et al., 2017).

CFTR, a cAMP-modulated Cl− channel, controls ion
exchange and water secretion/absorption in epithelial tissues.
Phosphorylation of the regulatory domain, ATP-binding to
the nucleotide-binding domains, or ATP hydrolysis, controls
channel activation, and loss-of-function mutations in CFTR
result in cystic fibrosis (Riordan et al., 1989), the most common
genetic disorder in Caucasians (1 individual affected over
3,500 newborns) (Castellani et al., 2009). Absence or defective
CFTR leads to reduced epithelia permeability to Cl−, hence,
reduced Cl− secretion and a decrease of salt on the apical
surface ensues, and these conditions fail to recall water to
enter the lumen. Also, lack of CFTR leads to non-controlled
activities of other channels, such as ENaC, which results in an
unregulated absorption of salt from the airway surface liquid.
The mucous blanket overlying the epithelia becomes thicker and
compresses the cilia, thus delaying mucociliary clearance (Matsui
et al., 1998), causing chronic lung infection and inflammation,
pancreatic insufficiency, and infertility (Rowe et al., 2005).
Indeed, ∼98% of male patients present infertility, mainly due
to a congenital bilateral absence of vas deferens, leading to
obstructive azoospermia (Chillón et al., 1995), although a number
of cases have shown non-obstructive azoospermia, oligospermia,
asthenospermia, and teratospermia (Chen et al., 2012). Of note,
CFTR is expressed in mouse and human sperm (Hernández-
González et al., 2007); sperm capacitation is defined by a
series of physiological changes that the fertilizing sperm must
acquire to fuse with an egg. Mouse and human sperm undergo
a capacitation-associated plasma membrane hyperpolarization,
which is necessary for the induction of acrosome exocytosis.
Of interest, when CFTR is blocked with diphenylamine-2-
carboxylic acid, the capacitation-associated hyperpolarization of
the sperm membrane is repressed; on the other hand, exposure
of sperm to genistein (a CFTR channel activator) induces sperm
hyperpolarization under conditions that would not normally
support capacitation (Hernández-González et al., 2007). No male
germline conditional knockout mouse has been generated thus
far, so it has not been possible to test the role of CFTR in
spermatogenesis or sperm capacitation prior to fertilization.

CatSper is a flagellar specific and Ca2+-selective channel,
which is defined by at least nine different protein –coding genes
(CatSper1–4, β, γ, δ, ε, and ζ). CatSper1-4 delineates a pore-
forming α subunit (Ren et al., 2001; Quill et al., 2003; Qi
et al., 2007; Strünker et al., 2011), whereas the transmembrane
CatSperβ, CatSperγ, CatSperδ, CatSperε, and cytosolic CatSperζ
preserve proper channel structure and function (Liu et al., 2007;
Wang et al., 2009; Chung et al., 2011, 2017). CatSper controls

sperm hyperactivation by regulating Ca2+ signaling through the
establishment of nanodomains that are localized throughout the
sperm (Chung et al., 2014). Humans homozygous for a deletion
in Chromosome 15 spanning STRC and CATSPER2 genes have
been associated with Deafness-infertility syndrome (DIS), which
presents itself as an early-onset deafness in males and females
with modest symmetric sensorineural hearing loss (Dgany et al.,
2002, p. 1); men present normal ejaculate volume, though sperm
count, motility, and morphology are affected, which results in
asthenoteratozoospermia and male infertility (Dgany et al., 2002,
p. 1). Male mice null for 8 of the 9 different protein–coding
genes present sperm unable to undergo hyperactivation and
fertilize eggs in vitro or in vivo. In CatSperζ null males, the
channel is still functional albeit that CatSper nanodomains are
disrupted, resulting in subfertility (Chung et al., 2011, 2014,
2017). CatSper Ca2+ nanodomains regulate phosphorylation
cascades in the sperm tail, which modify the axonemal motion
while initiating the peculiar asymmetric/high-angle bend of
hyperactivated tail motility (Chung et al., 2014). Protein tyrosine
phosphorylation increases in a time-dependent fashion during
sperm capacitation (Visconti et al., 1995), with the majority of
tyrosine phosphorylation observed in the axoneme and absence
of CatSper leading to an increase of tyrosine phosphorylation,
which also mislocalizes to periaxonemal regions (Chung et al.,
2014). The inability of sperm to undergo hyperactivation,
together with the disruption of the capacitation-initiated tyrosine
phosphorylation pathway, makes sperm unable to fertilize eggs
in vivo or in vitro (Chung et al., 2014).

GPX4, a member of the selenoproteins glutathione peroxidase
family, uses glutathione as an electron donor to catalyze
the reduction of hydroperoxides in membrane lipids (e.g.,
phospholipids, cholesterol, and cholestryl ester) (Brigelius-Flohé,
1999). GPX4 preserves normal mitochondrial function and
suppresses apoptosis, while repairing oxidation damage to
cardiolipin (a phospholipid constituting ∼20% of mitochondria
lipid composition) in a number of organs, including male gonads.
Gene deletion of GPX4 in null mice leads to post-implantation
embryo lethality (E7.5) (Imai et al., 2003). Tamoxifen-inducible
inactivation of GPX4 in neuron-specific conditional knockout
newborn mouse pups leads to 12/15-lipoxygenase-derived lipid
peroxidation, which in turn triggers apoptosis-inducing factor
(AIF)-mediated cell death. Neuron-specific GPX4 depletion leads
to severe neurodegeneration with presence of pyknotic cells in
the pyramidal layer of the CA3 region of the hippocampus
and pups were euthanized on postnatal day 13 (Seiler et al.,
2008). In humans, loss-of-function mutations (i.e., frameshift or
nonsense) in the GPX4 gene are associated with the manifestation
of Spondylometaphyseal dysplasia Sedaghatian type (SMDS).
SMDS is a rare disease that leads to neonatal death due to
respiratory failure. This genetic condition is defined by severe
metaphyseal chondrodysplasia, delayed epiphyseal ossification,
platyspondyly, irregular iliac crests, and pulmonary hemorrhage.
Moreover, defective development of the central nervous system
is observed, and in particular abnormal neuronal migration,
agenesis of the corpus callosum, pronounced frontotemporal
pachygyria, simplified gyral pattern, partial lissencephaly, and
severe cerebellar hypoplasia (Smith et al., 2014). GPX4 expression
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is also enriched in the mitochondria of testis and sperm.
A spermatocyte-specific GPX4 knockout mouse line shows male
infertility due to oligoasthenozoospermia, and decreased sperm
progressive motility associated with impaired mitochondrial
membrane potential and cellular abnormalities (e.g., hairpin-
like flagella bend at the midpiece, swelling of mitochondria)
(Imai et al., 2009). GPX4 appears to play a role in human
spermatogenesis as well: a significant reduction in GPX4
expression is found in a number of infertile oligospermic men
(Imai et al., 2001).

NPHP4 encodes a 1426 amino acid-long protein (also known
as Nephroretinin), presenting a proline-rich domain between
amino acids 458–514. NPHP4 localizes to the basal bodies
of the primary cilia in polarized epithelial tubular cells, in
the proximity of the cortical actin cytoskeleton, and to the
centrosomes of dividing cells (Mollet et al., 2002). Molecular
binding partners of NPHP4 are NPHP1, RP GTPase regulator
interacting protein 1 (RPGRIP1) (Roepman et al., 2005),
NPHP8 (alias of RPGRIP1L) (Delous et al., 2007) and Retinitis
pigmentosa GTPase regulator (RPGR) (Murga-Zamalloa et al.,
2010), proteins that regulate ciliary function. Homozygous
missense or heterozygous frameshift mutations in NPHP4 have
been associated with Nephronophthisis, an autosomal recessive
kidney disease mainly affecting children and young adults
(Strauss and Sommers, 1967) that presents with polyuria,
polydipsia, and anemia (Wolf, 2015); it has been associated
with different syndromes, including the Senior–Loken syndrome
(SLSD) with retinitis pigmentosa (RP), Joubert syndrome with
RP, cerebellar and brainstem malformations, and intellectual
disability (Otto et al., 2002, 2005; Parisi et al., 2004). Mutant mice
homozygous for a nonsense mutation in the Nphp4 gene present
male infertility (Won et al., 2011) with reduced sperm counts
(98% reduction compared to fertile controls), scarce motility,
and virtually absent progressive motility (Won et al., 2011).
Electron microscopy of cross-section and longitudinal images
of the flagella reveal intact normal nine microtubule doublets
encircling a central microtubule pair in the mutant flagellar
axoneme. NPHP4 normally localizes next to the basal bodies
in the testicular spermatozoa and spermatids, and its absence
seems to be the cause of the defective phenotype (Won et al.,
2011): these sperm are unable to fertilize eggs in vitro or in vivo
(Won et al., 2011).

Of note, PKD2 (associated with ADPKD, described above)
regulates directional sperm motility in Drosophila, and null males
present normal spermatogenesis but are unable to localize the egg
in vivo (Gao et al., 2003).

SLC39A4 encodes a zinc transporter protein known as
Zip4 which is expressed in the human intestine, colon, ovary,
and testis (Küry et al., 2002; Wang et al., 2004; Dufner-
Beattie et al., 2007). In humans, missense mutations in
SLC39A4 affecting the ZIP4 transmembrane domains have been
associated with Acrodermatitis enteropathica (AE), a genetic
condition characterized by concurrent manifestation of diarrhea,
dermatitis, alopecia, skin lesions, growth retardation, impaired
wound healing, and male hypogonadism together with low
sperm count (Maverakis et al., 2007) due to defective cellular
zinc uptake. Deletion of Slc39a4 in mice results in embryonic

lethality (by embryonic day 10) (Dufner-Beattie et al., 2007),
whereas heterozygous null mice present incomplete lethality
prior to weaning. Those that survive show hydrocephalus,
incomplete eye development, and growth retardation (Dufner-
Beattie et al., 2007). In humans, hormone replacement therapy
restores sperm count, improves seminiferous tubule volume, and
stimulates spermatogenesis in azoospermic patients (Vicari et al.,
1992). The role of zinc in mammalian spermatogenesis and
fertilization has not been well described, however, it has been
shown that zinc is necessary for proper spermatogenesis in the
Japanese eel (Anguilla japonica), during which it accumulates
in the mitochondria of spermatogonia and developing sperm
and regulates sperm motility (Yamaguchi et al., 2009). Also,
zinc controls sperm activation in C. elegans by inducing
immotile spermatids to rapidly develop into mature, motile
sperm (Zhao et al., 2018).

SPERM PASSAGE THROUGH THE
EPIDIDYMIS

The epididymis is defined by four anatomical regions, the
initial segment: the caput, the corpus, and the cauda, the latter
being the region connected to the vas deferens. Each of these
regions present a tissue-enriched gene expression profile that
is important to ensure proper concentrations of luminal ions,
which are important for the maturation of the fertilizing sperm
(Belleannée et al., 2012).

The Solute Carrier Family 22 Member 5 (SLC22A5) gene codes
for the Organic Cation Transporter 2 (OCTN2), a transporter of
organic cations and carnitine (Wu et al., 1999). OCTN2 normally
transports an array of organic cations, however, its affinity to
carnitine and the ability to transport carnitine increases in the
presence of sodium (Wu et al., 1999). OCTN2 is expressed in
the kidneys and other tissues including the heart, placenta, brain,
testis, and epididymis (Wu et al., 1999; Rodríguez et al., 2002).
In humans, homozygous deletions, splice-site, or frameshift
mutations in SLC22A5 have been associated with Primary
systemic carnitine deficiency (SCD), an autosomal recessive
disorder characterized by negligible cellular uptake of carnitine in
different tissues leading to progressive cardiomyopathy, skeletal
myopathy, hypoglycaemia, and hyperammonaemia (Nezu et al.,
1999). To become functionally mature and capable of fertilizing
eggs, mammalian sperm transverse the epididymis, where
glycoproteins, lipids and inorganic compounds assist with the
maturation of sperm (Gervasi and Visconti, 2017). During sperm
transport through the epididymis, carnitine acts as cofactor
for the transport of long-chain fatty acid in the mitochondria;
here, long-chain fatty acid undergoes beta-oxidation, producing
acetyl-CoA, which is important for sperm to acquire motility in
the distal epididymis (Dacheux and Dacheux, 2014). A mutant
mouse (the juvenile visceral steatosis or jvs mouse) homozygous
for a missense mutation in Slc22a5 that abrogates carnitine
transport (Nezu et al., 1999), presents an anatomically deformed
epididymis and male infertility (Toshimori et al., 1999); in
particular, the duct of the proximal epididymis accumulates
an anomalous number of immature sperm, which occasionally
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causes the rupture of the epididymal epithelium, with sperm
being reversed into the stroma (Toshimori et al., 1999). These
phenotypic consequences lead to obstructive azoospermia, which
is reversible with exogenous administration of L-carnitine
(Toshimori et al., 1999).

PKD1 (associated with ADPKD, described above) expression
is also enriched in the epididymis (Nie and Arend, 2013).
In mice, Pkd1 null male mice present cystic dilation of the
efferent ducts (derivatives of the mesonephric tubules), with the
development of the epididymis being severely delayed or arrested
(Nie and Arend, 2013).

CONCLUSION

By the age of 25, approximately 5.3% of live-born humans
develop genetic diseases (Baird et al., 1988), some of which
result from deleterious mutations in genes that also regulate
different aspects of gametogenesis and fertilization; plausibly
the role of these genes in reproduction may be overlooked,
as genetic conditions oftentimes are so severe that associated
fertility disorders can go disregarded. Moreover, the clinical
manifestation of a number of disorders have been reported
after the appearance of a fertility phenotype (Eisenberg et al.,
2014, 2016; Tarín et al., 2015). Thus, certain defective fertility
phenotypes may represent a marker for future severe conditions.
For example, among the conditions reviewed here, ADPKD
incidence peak has been reported between the ages of 30
and 40 (Pei and Watnick, 2010); hence, an early diagnosis of
male infertility associated with azoospermia or necrospermia
(Nie and Arend, 2013, p. 1), or Sertoli cell only syndrome
(Nygaard et al., 2015) could represent a possible red flag
for a later onset of the ADPKD (Pei and Watnick, 2010)
and genetic testing might be required. To understand better
the genetic intersection between rare disorders and defective
spermatogenesis, one could establish mouse lines expressing

the exact mutation that has been associated with the aberrant
phenotypes in humans. Indeed, as an increasing number of
individual human genomes has lately become available (1000
Genomes Project Consortium et al., 2015; Wang et al., 2020),
the functional characterization of novel genes (Kiyozumi et al.,
2020; Noda et al., 2020), or putative deleterious variants (Singh
and Schimenti, 2015) in transgenic animal models, will allow
us to identify more comorbidities between gametogenesis or
fertilization defects and rare genetic disorders (Vaquer et al., 2013;
Hmeljak and Justice, 2019).
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Danaci, M., Akpolat, T., Baştemir, M., Sarikaya, S., Akan, H., Selçuk, M. B.,
et al. (1998). The prevalence of seminal vesicle cysts in autosomal dominant
polycystic kidney disease. Nephrol. Dial. Transplant. 13, 2825–2828. doi: 10.
1093/ndt/13.11.2825

Delous, M., Baala, L., Salomon, R., Laclef, C., Vierkotten, J., Tory, K., et al. (2007).
The ciliary gene RPGRIP1L is mutated in cerebello-oculo-renal syndrome
(Joubert syndrome type B) and Meckel syndrome. Nat. Genet. 39, 875–881.
doi: 10.1038/ng2039

Demain, L. A. M., Urquhart, J. E., O’Sullivan, J., Williams, S. G., Bhaskar, S. S.,
Jenkinson, E. M., et al. (2017). Expanding the genotypic spectrum of Perrault
syndrome. Clin. Genet. 91, 302–312. doi: 10.1111/cge.12776

Dgany, O., Avidan, N., Delaunay, J., Krasnov, T., Shalmon, L., Shalev, H., et al.
(2002). Congenital dyserythropoietic anemia type i is caused by mutations in
Codanin-1. Am. J. Hum. Genet. 71, 1467–1474. doi: 10.1086/344781

Küry, S., Bézieau, S., Giraudet, S., Kharfi, M., Kamoun, R., et al. (2002).
Identification of SLC39A4, a gene involved in acrodermatitis enteropathica.
Nat. Genet. 31, 239–240. doi: 10.1038/ng913

Dufner-Beattie, J., Weaver, B. P., Geiser, J., Bilgen, M., Larson, M., Xu, W.,
et al. (2007). The mouse acrodermatitis enteropathica gene Slc39a4 (Zip4) is
essential for early development and heterozygosity causes hypersensitivity to
zinc deficiency. Hum. Mol. Genet. 16, 1391–1399. doi: 10.1093/hmg/ddm088

Dursun, F., Mohamoud, H. S. A., Karim, N., Naeem, M., Jelani, M., and
Kırmızıbekmez, H. (2016). A novel missense mutation in the Clpp gene causing
perrault syndrome type 3 in a Turkish Family. J. Clin. Res. Pediatr. Endocrinol.
8, 472–477. doi: 10.4274/jcrpe.2717

Eisenberg, M. L., Li, S., Behr, B., Cullen, M. R., Galusha, D., Lamb, D. J., et al. (2014).
Semen quality, infertility and mortality in the USA. Hum. Reprod. Oxf. Engl. 29,
1567–1574. doi: 10.1093/humrep/deu106

Eisenberg, M. L., Sundaram, R., Maisog, J., and Buck Louis, G. M. (2016). Diabetes,
medical comorbidities and couple fecundity. Hum. Reprod. Oxf. Engl. 31,
2369–2376. doi: 10.1093/humrep/dew200

Estrada, L., Caron, E., and Gorski, J. L. (2001). Fgd1, the Cdc42 guanine nucleotide
exchange factor responsible for faciogenital dysplasia, is localized to the
subcortical actin cytoskeleton and Golgi membrane. Hum. Mol. Genet. 10,
485–496. doi: 10.1093/hmg/10.5.485

Feng, H., Gu, Z.-Y., Li, Q., Liu, Q.-H., Yang, X.-Y., and Zhang, J.-J. (2019).
Identification of significant genes with poor prognosis in ovarian cancer
via bioinformatical analysis. J. Ovarian Res. 12, 35. doi: 10.1186/s13048-019-
0508-2

Fishman, E. L., Jo, K., Nguyen, Q. P. H., Kong, D., Royfman, R., Cekic, A. R.,
et al. (2018). A novel atypical sperm centriole is functional during human
fertilization. Nat. Commun. 9:2210. doi: 10.1038/s41467-018-04678-8

Gaffney, E. A., Gadêlha, H., Smith, D. J., Blake, J. R., and Kirkman-Brown, J. C.
(2011). Mammalian sperm motility: observation and theory. Annu. Rev. Fluid
Mech. 43, 501–528. doi: 10.1146/annurev-fluid-121108-145442

Gao, Z., Ruden, D. M., and Lu, X. (2003). PKD2 cation channel is required for
directional sperm movement and male fertility. Curr. Biol. 13, 2175–2178. doi:
10.1016/j.cub.2003.11.053

Geister, K. A., Brinkmeier, M. L., Cheung, L. Y., Wendt, J., Oatley, M. J., Burgess,
D. L., et al. (2015). LINE-1 mediated insertion into Poc1a (Protein of Centriole
1 A) causes growth insufficiency and male infertility in mice. PLoS Genet.
11:e1005569. doi: 10.1371/journal.pgen.1005569

German Pasteris, N., Cadle, A., Logie, L. J., Porteous, M. E. M., Schwartz,
C. E., Stevenson, R. E., et al. (1994). Isolation and characterization of the
faciogenital dysplasia (Aarskog-Scott syndrome) gene: a putative RhoRac
guanine nucleotide exchange factor. Cell 79, 669–678. doi: 10.1016/0092-
8674(94)90552-5

Gervasi, M. G., and Visconti, P. E. (2017). Molecular changes and signaling events
occurring in sperm during epididymal maturation. Andrology 5, 204–218. doi:
10.1111/andr.12320

Gispert, S., Parganlija, D., Dröse, S., Wittig, I., Mittelbronn, M., et al. (2013). Loss
of mitochondrial peptidase Clpp leads to infertility, hearing loss plus growth
retardation via accumulation of CLPX, mtDNA and inflammatory factors.
Hum. Mol. Genet. 22, 4871–4887. doi: 10.1093/hmg/ddt338

Greer, C., Bhakta, H., Ghanem, L., Refai, F., Linn, E., and Avella, M.
(2021). Deleterious variants in genes regulating mammalian reproduction in
Neanderthals, Denisovans and extant humans. Hum. Reprod. Oxf. Engl. [Epub
ahead of print] doi: 10.1093/humrep/deaa347

Gregory, M. K., Cleland, L. G., and James, M. J. (2013). Molecular basis for
differential elongation of omega-3 docosapentaenoic acid by the rat Elovl5 and
Elovl2. J. Lipid Res. 54, 2851–2857. doi: 10.1194/jlr.M041368

Hanks, S., Coleman, K., Reid, S., Plaja, A., Firth, H., Fitzpatrick, D., et al.
(2004). Constitutional aneuploidy and cancer predisposition caused by biallelic
mutations in BUB1B. Nat. Genet. 36, 1159–1161. doi: 10.1038/ng1449

Harris, P. C., and Torres, V. E. (2009). Polycystic kidney disease. Annu. Rev. Med.
60, 321–337. doi: 10.1146/annurev.med.60.101707.125712

Hartwell, L. H., and Weinert, T. A. (1989). Checkpoints: controls that ensure the
order of cell cycle events. Science 246, 629–634. doi: 10.1126/science.2683079

Hernández-González, E. O., Treviño, C. L., Castellano, L. E., Vega-Beltrán, J. L., de
la, Ocampo, A. Y., Wertheimer, E., et al. (2007). Involvement of cystic fibrosis

Frontiers in Cell and Developmental Biology | www.frontiersin.org 14 February 2021 | Volume 9 | Article 634536

https://doi.org/10.1002/ajmg.a.31733
https://doi.org/10.1038/s41598-019-45991-6
https://doi.org/10.1530/eje.0.1370034
https://doi.org/10.1530/eje.0.1370034
https://doi.org/10.1016/s0891-5849(99)00173-2
https://doi.org/10.1016/s0891-5849(99)00173-2
https://doi.org/10.1095/biolreprod.114.117911
https://doi.org/10.1095/biolreprod.114.117911
https://doi.org/10.1210/me.2006-0060
https://doi.org/10.1038/32688
https://doi.org/10.1172/JCI10841
https://doi.org/10.1001/jama.2009.1758
https://doi.org/10.1093/humupd/dms027
https://doi.org/10.1093/hmg/ddaa153
https://doi.org/10.1056/NEJM199506013322204
https://doi.org/10.1056/NEJM199506013322204
https://doi.org/10.7554/eLife.23082
https://doi.org/10.1038/ncomms1153
https://doi.org/10.1038/ncomms1153
https://doi.org/10.1016/j.cell.2014.02.056
https://doi.org/10.1016/j.cell.2014.02.056
https://doi.org/10.4103/1008-682X.155769
https://doi.org/10.4103/1008-682X.155769
https://doi.org/10.1530/REP-13-0420
https://doi.org/10.1530/REP-13-0420
https://doi.org/10.1093/ndt/13.11.2825
https://doi.org/10.1093/ndt/13.11.2825
https://doi.org/10.1038/ng2039
https://doi.org/10.1111/cge.12776
https://doi.org/10.1086/344781
https://doi.org/10.1038/ng913
https://doi.org/10.1093/hmg/ddm088
https://doi.org/10.4274/jcrpe.2717
https://doi.org/10.1093/humrep/deu106
https://doi.org/10.1093/humrep/dew200
https://doi.org/10.1093/hmg/10.5.485
https://doi.org/10.1186/s13048-019-0508-2
https://doi.org/10.1186/s13048-019-0508-2
https://doi.org/10.1038/s41467-018-04678-8
https://doi.org/10.1146/annurev-fluid-121108-145442
https://doi.org/10.1016/j.cub.2003.11.053
https://doi.org/10.1016/j.cub.2003.11.053
https://doi.org/10.1371/journal.pgen.1005569
https://doi.org/10.1016/0092-8674(94)90552-5
https://doi.org/10.1016/0092-8674(94)90552-5
https://doi.org/10.1111/andr.12320
https://doi.org/10.1111/andr.12320
https://doi.org/10.1093/hmg/ddt338
https://doi.org/10.1093/humrep/deaa347
https://doi.org/10.1194/jlr.M041368
https://doi.org/10.1038/ng1449
https://doi.org/10.1146/annurev.med.60.101707.125712
https://doi.org/10.1126/science.2683079
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-634536 February 10, 2021 Time: 18:50 # 15

Linn et al. Spermatogenesis and Rare Disorders

transmembrane conductance regulator in mouse sperm capacitation. J. Biol.
Chem. 282, 24397–24406. doi: 10.1074/jbc.M701603200

Hirose, M., Honda, A., Fulka, H., Tamura-Nakano, M., Matoba, S., Tomishima,
T., et al. (2020). Acrosin is essential for sperm penetration through the zona
pellucida in hamsters. Proc. Natl. Acad. Sci. U.S.A. 117, 2513–2518. doi: 10.1073/
pnas.1917595117

Hmeljak, J., and Justice, M. J. (2019). From gene to treatment: supporting
rare disease translational research through model systems. Dis. Model. Mech.
12:dmm039271. doi: 10.1242/dmm.039271

Hsieh-Li, H. M., Chang, J.-G., Jong, Y.-J., Wu, M.-H., Wang, N. M., Tsai, C. H.,
et al. (2000). A mouse model for spinal muscular atrophy. Nat. Genet. 24, 66–70.
doi: 10.1038/71709

Huang, F. W., Pinkus, J. L., Pinkus, G. S., Fleming, M. D., and Andrews, N. C.
(2005). A mouse model of juvenile hemochromatosis. J. Clin. Invest. 115,
2187–2191. doi: 10.1172/JCI25049

Hughes, J., Ward, C. J., Peral, B., Aspinwall, R., Clark, K., San Millán, J. L., et al.
(1995). The polycystic kidney disease 1 (PKD1) gene encodes a novel protein
with multiple cell recognition domains. Nat. Genet. 10, 151–160. doi: 10.1038/
ng0695-151

Imai, H., Hakkaku, N., Iwamoto, R., Suzuki, J., Suzuki, T., Tajima, Y., et al. (2009).
Depletion of selenoprotein GPx4 in spermatocytes causes male infertility in
mice. J. Biol. Chem. 284, 32522–32532. doi: 10.1074/jbc.M109.016139

Imai, H., Hirao, F., Sakamoto, T., Sekine, K., Mizukura, Y., Saito, M., et al.
(2003). Early embryonic lethality caused by targeted disruption of the mouse
PHGPx gene. Biochem. Biophys. Res. Commun. 305, 278–286. doi: 10.1016/
s0006-291x(03)00734-4

Imai, H., Suzuki, K., Ishizaka, K., Ichinose, S., Oshima, H., Okayasu, I., et al. (2001).
Failure of the expression of phospholipid hydroperoxide glutathione peroxidase
in the spermatozoa of human infertile males. Biol. Reprod. 64, 674–683. doi:
10.1095/biolreprod64.2.674

Imtiaz, F., Allam, R., Ramzan, K., and Al-Sayed, M. (2015). Variation in DNAH1
may contribute to primary ciliary dyskinesia. BMC Med. Genet. 16:14. doi:
10.1186/s12881-015-0162-5

Jackson, S., and Xiong, Y. (2009). CRL4s: the CUL4-RING E3 ubiquitin ligases.
Trends Biochem. Sci. 34, 562–570. doi: 10.1016/j.tibs.2009.07.002

Jacquemin, V., Rieunier, G., Jacob, S., Bellanger, D., d’Enghien, C. D., Laugé, A.,
et al. (2012). Underexpression and abnormal localization of ATM products in
ataxia telangiectasia patients bearing ATM missense mutations. Eur. J. Hum.
Genet. 20, 305–312. doi: 10.1038/ejhg.2011.196

Jazayeri, A., Falck, J., Lukas, C., Bartek, J., Smith, G. C. M., Lukas, J., et al.
(2006). ATM- and cell cycle-dependent regulation of ATR in response to DNA
double-strand breaks. Nat. Cell Biol. 8, 37–45. doi: 10.1038/ncb1337

Jenkinson, E. M., Rehman, A. U., Walsh, T., Clayton-Smith, J., Lee, K., Morell,
R. J., et al. (2013). Perrault syndrome is caused by recessive mutations in CLPP,
encoding a mitochondrial ATP-Dependent chambered protease. Am. J. Hum.
Genet. 92, 605–613. doi: 10.1016/j.ajhg.2013.02.013

Kato, R., Maeda, T., Akaike, T., and Tamai, I. (2006). Characterization of novel
Na+-dependent nucleobase transport systems at the blood-testis barrier. Am. J.
Physiol. Endocrinol. Metab. 290, E968–E975. doi: 10.1152/ajpendo.00160.2005

Khire, A., Jo, K. H., Kong, D., Akhshi, T., Blachon, S., Cekic, A. R., et al. (2016).
Centriole remodeling during spermiogenesis in Drosophila. Curr. Biol. 26,
3183–3189. doi: 10.1016/j.cub.2016.07.006

Kierszenbaum, A. L., Rivkin, E., and Tres, L. L. (2003). Acroplaxome, an F-actin-
keratin-containing plate, anchors the acrosome to the nucleus during shaping
of the spermatid head. Mol. Biol. Cell 14, 4628–4640. doi: 10.1091/mbc.e03-04-
0226

Kiyozumi, D., Noda, T., Yamaguchi, R., Tobita, T., Matsumura, T., Shimada, K.,
et al. (2020). NELL2-mediated lumicrine signaling through OVCH2 is required
for male fertility. Science 368, 1132–1135. doi: 10.1126/science.aay5134

Lange, J., Pan, J., Cole, F., Thelen, M. P., Jasin, M., and Keeney, S. (2011). ATM
controls meiotic double-strand-break formation. Nature 479, 237–240. doi:
10.1038/nature10508

Law, N. C., Oatley, M. J., and Oatley, J. M. (2019). Developmental kinetics and
transcriptome dynamics of stem cell specification in the spermatogenic lineage.
Nat. Commun. 10:2787. doi: 10.1038/s41467-019-10596-0

Lebel, R. R., May, M., Pouls, S., Lubs, H. A., Stevenson, R. E., and Schwartz,
C. E. (2002). Non-syndromic X-linked mental retardation associated with a
missense mutation (P312L) in the FGD1 gene. Clin. Genet. 61, 139–145. doi:
10.1034/j.1399-0004.2002.610209.x

Lee, J., and Zhou, P. (2007). DCAFs, the missing link of the CUL4-DDB1 ubiquitin
ligase. Mol. Cell 26, 775–780. doi: 10.1016/j.molcel.2007.06.001

Lefebvre, S., Bürglen, L., Reboullet, S., Clermont, O., Burlet, P., Viollet, L.,
et al. (1995). Identification and characterization of a spinal muscular atrophy-
determining gene. Cell 80, 155–165. doi: 10.1016/0092-8674(95)90460-3

Lehti, M. S., and Sironen, A. (2016). Formation and function of the manchette
and flagellum during spermatogenesis. Reprod. Camb. Engl. 151, R43–R54.
doi: 10.1530/REP-15-0310

Leichtmann-Bardoogo, Y., Cohen, L. A., Weiss, A., Marohn, B., Schubert, S.,
Meinhardt, A., et al. (2012). Compartmentalization and regulation of iron
metabolism proteins protect male germ cells from iron overload. Am. J.
Physiol. Endocrinol. Metab. 302, E1519–E1530. doi: 10.1152/ajpendo.00007.
2012

Limwongse, C., Schwartz, S., Bocian, M., and Robin, N. H. (1999). Child with
mosaic variegated aneuploidy and embryonal rhabdomyosarcoma. Am. J.
Med. Genet. 82, 20–24. doi: 10.1002/(SICI)1096-8628(19990101)82:1<20::AID-
AJMG4<3.0.CO;2-5

Lin, F., Hiesberger, T., Cordes, K., Sinclair, A. M., Goldstein, L. S. B., Somlo, S., et al.
(2003). Kidney-specific inactivation of the KIF3A subunit of kinesin-II inhibits
renal ciliogenesis and produces polycystic kidney disease. Proc. Natl. Acad. Sci.
U.S.A. 100, 5286–5291. doi: 10.1073/pnas.0836980100

Lishko, P. V., and Mannowetz, N. (2018). CatSper: a unique calcium channel of the
sperm flagellum. Curr. Opin. Physiol. 2, 109–113. doi: 10.1016/j.cophys.2018.
02.004

Liu, J., Xia, J., Cho, K.-H., Clapham, D. E., and Ren, D. (2007). CatSperbeta, a novel
transmembrane protein in the CatSper channel complex. J. Biol. Chem. 282,
18945–18952. doi: 10.1074/jbc.M701083200

Lorson, C. L., Hahnen, E., Androphy, E. J., and Wirth, B. (1999). A single nucleotide
in the SMN gene regulates splicing and is responsible for spinal muscular
atrophy. Proc. Natl. Acad. Sci. U.S.A. 96, 6307–6311. doi: 10.1073/pnas.96.11.
6307

Lu, J.-F., Lawler, A. M., Watkins, P. A., Powers, J. M., Moser, A. B., Moser, H. W.,
et al. (1997). A mouse model for X-linked adrenoleukodystrophy. Proc. Natl.
Acad. Sci. U.S.A. 94, 9366–9371.

Lu, S., Zong, C., Fan, W., Yang, M., Li, J., Chapman, A. R., et al. (2012). Probing
meiotic recombination and aneuploidy of single sperm cells by whole-genome
sequencing. Science 338, 1627–1630. doi: 10.1126/science.1229112

Matsui, H., Grubb, B. R., Tarran, R., Randell, S. H., Gatzy, J. T., Davis, C. W.,
et al. (1998). Evidence for periciliary liquid layer depletion, not abnormal ion
composition, in the pathogenesis of cystic fibrosis airways disease. Cell 95,
1005–1015. doi: 10.1016/s0092-8674(00)81724-9

Maverakis, E., Fung, M. A., Lynch, P. J., Draznin, M., Michael, D. J., Ruben,
B., et al. (2007). Acrodermatitis enteropathica and an overview of zinc
metabolism. J. Am. Acad. Dermatol. 56, 116–124. doi: 10.1016/j.jaad.2006.
08.015

McDermott, J. H., and Walsh, C. H. (2005). Hypogonadism in hereditary
hemochromatosis. J. Clin. Endocrinol. Metab. 90, 2451–2455. doi: 10.1210/jc.
2004-0980

Meschede, D., Rolf, C., Neugebauer, D. C., Horst, J., and Nieschlag, E. (1996).
Sperm acrosome defects in a patient with Aarskog-Scott syndrome. Am. J. Med.
Genet. 66, 340–342.

Mochizuki, T., Wu, G., Hayashi, T., Xenophontos, S. L., Veldhuisen, B., Saris,
J. J., et al. (1996). PKD2, a gene for polycystic kidney disease that encodes an
integral membrane protein. Science 272, 1339–1342. doi: 10.1126/science.272.
5266.1339

Molho-Pessach, V., Lerer, I., Abeliovich, D., Agha, Z., Abu Libdeh, A., Broshtilova,
V., et al. (2008). The H syndrome is caused by mutations in the nucleoside
transporter hENT3. Am. J. Hum. Genet. 83, 529–534. doi: 10.1016/j.ajhg.2008.
09.013

Mollet, G., Salomon, R., Gribouval, O., Silbermann, F., Bacq, D., Landthaler, G.,
et al. (2002). The gene mutated in juvenile nephronophthisis type 4 encodes
a novel protein that interacts with nephrocystin. Nat. Genet. 32, 300–305. doi:
10.1038/ng996

Moreira, B. P., Oliveira, P. F., and Alves, M. G. (2019). Molecular mechanisms
controlled by mTOR in male reproductive system. Int. J. Mol. Sci. 20:1633.
doi: 10.3390/ijms20071633

Morgan, N. V., Morris, M. R., Cangul, H., Gleeson, D., Straatman-Iwanowska,
A., Davies, N., et al. (2010). Mutations in SLC29A3, encoding an equilibrative
nucleoside transporter ENT3, cause a familial histiocytosis syndrome

Frontiers in Cell and Developmental Biology | www.frontiersin.org 15 February 2021 | Volume 9 | Article 634536

https://doi.org/10.1074/jbc.M701603200
https://doi.org/10.1073/pnas.1917595117
https://doi.org/10.1073/pnas.1917595117
https://doi.org/10.1242/dmm.039271
https://doi.org/10.1038/71709
https://doi.org/10.1172/JCI25049
https://doi.org/10.1038/ng0695-151
https://doi.org/10.1038/ng0695-151
https://doi.org/10.1074/jbc.M109.016139
https://doi.org/10.1016/s0006-291x(03)00734-4
https://doi.org/10.1016/s0006-291x(03)00734-4
https://doi.org/10.1095/biolreprod64.2.674
https://doi.org/10.1095/biolreprod64.2.674
https://doi.org/10.1186/s12881-015-0162-5
https://doi.org/10.1186/s12881-015-0162-5
https://doi.org/10.1016/j.tibs.2009.07.002
https://doi.org/10.1038/ejhg.2011.196
https://doi.org/10.1038/ncb1337
https://doi.org/10.1016/j.ajhg.2013.02.013
https://doi.org/10.1152/ajpendo.00160.2005
https://doi.org/10.1016/j.cub.2016.07.006
https://doi.org/10.1091/mbc.e03-04-0226
https://doi.org/10.1091/mbc.e03-04-0226
https://doi.org/10.1126/science.aay5134
https://doi.org/10.1038/nature10508
https://doi.org/10.1038/nature10508
https://doi.org/10.1038/s41467-019-10596-0
https://doi.org/10.1034/j.1399-0004.2002.610209.x
https://doi.org/10.1034/j.1399-0004.2002.610209.x
https://doi.org/10.1016/j.molcel.2007.06.001
https://doi.org/10.1016/0092-8674(95)90460-3
https://doi.org/10.1530/REP-15-0310
https://doi.org/10.1152/ajpendo.00007.2012
https://doi.org/10.1152/ajpendo.00007.2012
https://doi.org/10.1002/(SICI)1096-8628(19990101)82:1<20::AID-AJMG4<3.0.CO;2-5
https://doi.org/10.1002/(SICI)1096-8628(19990101)82:1<20::AID-AJMG4<3.0.CO;2-5
https://doi.org/10.1073/pnas.0836980100
https://doi.org/10.1016/j.cophys.2018.02.004
https://doi.org/10.1016/j.cophys.2018.02.004
https://doi.org/10.1074/jbc.M701083200
https://doi.org/10.1073/pnas.96.11.6307
https://doi.org/10.1073/pnas.96.11.6307
https://doi.org/10.1126/science.1229112
https://doi.org/10.1016/s0092-8674(00)81724-9
https://doi.org/10.1016/j.jaad.2006.08.015
https://doi.org/10.1016/j.jaad.2006.08.015
https://doi.org/10.1210/jc.2004-0980
https://doi.org/10.1210/jc.2004-0980
https://doi.org/10.1126/science.272.5266.1339
https://doi.org/10.1126/science.272.5266.1339
https://doi.org/10.1016/j.ajhg.2008.09.013
https://doi.org/10.1016/j.ajhg.2008.09.013
https://doi.org/10.1038/ng996
https://doi.org/10.1038/ng996
https://doi.org/10.3390/ijms20071633
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-634536 February 10, 2021 Time: 18:50 # 16

Linn et al. Spermatogenesis and Rare Disorders

(Faisalabad histiocytosis) and familial Rosai-Dorfman disease. PLoS Genet.
6:e1000833. doi: 10.1371/journal.pgen.1000833

Moser, H. W. (1997). Adrenoleukodystrophy: phenotype, genetics, pathogenesis
and therapy. Brain 120, 1485–1508. doi: 10.1093/brain/120.8.1485

Murga-Zamalloa, C. A., Desai, N. J., Hildebrandt, F., and Khanna, H. (2010).
Interaction of ciliary disease protein retinitis pigmentosa GTPase regulator
with nephronophthisis-associated proteins in mammalian retinas. Mol. Vis. 16,
1373–1381.

Nagaoka, S. I., Hassold, T. J., and Hunt, P. A. (2012). Human aneuploidy:
mechanisms and new insights into an age-old problem. Nat. Rev. Genet. 13,
493–504. doi: 10.1038/nrg3245

Nair, S., Strohecker, A. M., Persaud, A. K., Bissa, B., Muruganandan, S., McElroy,
C., et al. (2019). Adult stem cell deficits drive Slc29a3 disorders in mice. Nat.
Commun. 10:2943. doi: 10.1038/s41467-019-10925-3

Neesen, J., Kirschner, R., Ochs, M., Schmiedl, A., Habermann, B., Mueller, C.,
et al. (2001). Disruption of an inner arm dynein heavy chain gene results in
asthenozoospermia and reduced ciliary beat frequency. Hum. Mol. Genet. 10,
1117–1128. doi: 10.1093/hmg/10.11.1117

Nenicu, A., Okun, J. G., Hartmann, M. F., Wudy, S. A., Guillou, F., Crane, D. I.,
et al. (2009). Molecular pathogenesis of male infertility due to peroxisome
dysfunction in sertoli cells. Biol. Reprod. 81, 682–682. doi: 10.1093/biolreprod/
81.s1.682

Nezu, J., Tamai, I., Oku, A., Ohashi, R., Yabuuchi, H., Hashimoto, N., et al.
(1999). Primary systemic carnitine deficiency is caused by mutations in a gene
encoding sodium ion-dependent carnitine transporter. Nat. Genet. 21, 91–94.
doi: 10.1038/5030

Nie, X., and Arend, L. J. (2013). Pkd1 is required for male reproductive tract
development. Mech. Dev. 130, 567–576. doi: 10.1016/j.mod.2013.07.006

Niederkofler, V., Salie, R., and Arber, S. (2005). Hemojuvelin is essential for dietary
iron sensing, and its mutation leads to severe iron overload. J. Clin. Invest. 115,
2180–2186. doi: 10.1172/JCI25683

Noda, T., Lu, Y., Fujihara, Y., Oura, S., Koyano, T., Kobayashi, S., et al. (2020).
Sperm proteins SOF1, TMEM95, and SPACA6 are required for sperm-oocyte
fusion in mice. Proc. Natl. Acad. Sci. U.S.A. 117, 11493–11502. doi: 10.1073/
pnas.1922650117

Nygaard, M. B., Almstrup, K., Lindbæk, L., Christensen, S. T., and Svingen, T.
(2015). Cell context-specific expression of primary cilia in the human testis
and ciliary coordination of Hedgehog signalling in mouse Leydig cells. Sci. Rep.
5:10364. doi: 10.1038/srep10364

Orrico, A., Galli, L., Buoni, S., Hayek, G., Luchetti, A., Lorenzini, S.,
et al. (2005). Attention-deficit/hyperactivity disorder (ADHD) and variable
clinical expression of Aarskog-Scott syndrome due to a novel FGD1 gene
mutation (R408Q). Am. J. Med. Genet. A 135, 99–102. doi: 10.1002/ajmg.a.
30700

Osborne, M., Gomez, D., Feng, Z., McEwen, C., Beltran, J., Cirillo, K., et al. (2012).
Characterization of behavioral and neuromuscular junction phenotypes in a
novel allelic series of SMA mouse models. Hum. Mol. Genet. 21, 4431–4447.
doi: 10.1093/hmg/dds285

Ottesen, E. W., Howell, M. D., Singh, N. N., Seo, J., Whitley, E. M., and Singh,
R. N. (2016). Severe impairment of male reproductive organ development in a
low SMN expressing mouse model of spinal muscular atrophy. Sci. Rep. 6:20193.
doi: 10.1038/srep20193

Otto, E., Hoefele, J., Ruf, R., Mueller, A. M., Hiller, K. S., Wolf, M. T. F., et al.
(2002). A gene mutated in nephronophthisis and retinitis pigmentosa encodes
a novel protein, nephroretinin, conserved in evolution. Am. J. Hum. Genet. 71,
1161–1167. doi: 10.1086/344395

Otto, E. A., Loeys, B., Khanna, H., Hellemans, J., Sudbrak, R., Fan, S., et al.
(2005). Nephrocystin-5, a ciliary IQ domain protein, is mutated in Senior-
Loken syndrome and interacts with RPGR and calmodulin. Nat. Genet. 37,
282–288. doi: 10.1038/ng1520

Papanikolaou, G., Samuels, M. E., Ludwig, E. H., MacDonald, M. L. E., Franchini,
P. L., Dubé, M.-P., et al. (2004). Mutations in HFE2 cause iron overload in
chromosome 1q–linked juvenile hemochromatosis. Nat. Genet. 36, 77–82. doi:
10.1038/ng1274

Parisi, M. A., Bennett, C. L., Eckert, M. L., Dobyns, W. B., Gleeson, J. G., Shaw,
D. W. W., et al. (2004). The NPHP1 gene deletion associated with juvenile
nephronophthisis is present in a subset of individuals with joubert syndrome.
Am. J. Hum. Genet. 75, 82–91. doi: 10.1086/421846

Pasqualotto, F. F., Sharma, R. K., Nelson, D. R., Thomas, A. J., and Agarwal,
A. (2000). Relationship between oxidative stress, semen characteristics, and
clinical diagnosis in men undergoing infertility investigation. Fertil. Steril. 73,
459–464. doi: 10.1016/S0015-0282(99)00567-1

Paznekas, W. A., Boyadjiev, S. A., Shapiro, R. E., Daniels, O., Wollnik, B., Keegan,
C. E., et al. (2003). Connexin 43 (GJA1) mutations cause the pleiotropic
phenotype of oculodentodigital dysplasia. Am. J. Hum. Genet. 72, 408–418.
doi: 10.1086/346090

Pearson, C. G., Osborn, D. P. S., Giddings, T. H., Beales, P. L., and Winey, M.
(2009). Basal body stability and ciliogenesis requires the conserved component
Poc1. J. Cell Biol. 187, 905–920. doi: 10.1083/jcb.200908019

Pei, Y., and Watnick, T. (2010). Diagnosis and screening of autosomal dominant
polycystic kidney disease. Adv. Chronic Kid. Dis. 17, 140–152. doi: 10.1053/j.
ackd.2009.12.001

Pellizzoni, L., Yong, J., and Dreyfuss, G. (2002). Essential role for the SMN complex
in the specificity of snRNP assembly. Science 298, 1775–1779. doi: 10.1126/
science.1074962

Perera, D., Tilston, V., Hopwood, J. A., Barchi, M., Boot-Handford, R. P., and
Taylor, S. S. (2007). Bub1 maintains centromeric cohesion by activation of the
spindle checkpoint. Dev. Cell 13, 566–579. doi: 10.1016/j.devcel.2007.08.008

Powers, J. M., and Schaumburg, H. H. (1981). The testis in adreno-leukodystrophy.
Am. J. Pathol. 102, 90–98.

Puga Molina, L. C., Luque, G. M., Balestrini, P. A., Marín-Briggiler, C. I.,
Romarowski, A., and Buffone, M. G. (2018). Molecular basis of human sperm
capacitation. Front. Cell Dev. Biol. 6:72. doi: 10.3389/fcell.2018.00072

Qi, H., Moran, M. M., Navarro, B., Chong, J. A., Krapivinsky, G., Krapivinsky,
L., et al. (2007). All four CatSper ion channel proteins are required for male
fertility and sperm cell hyperactivated motility. Proc. Natl. Acad. Sci. U.S.A. 104,
1219–1223. doi: 10.1073/pnas.0610286104

Quill, T. A., Sugden, S. A., Rossi, K. L., Doolittle, L. K., Hammer, R. E., and
Garbers, D. L. (2003). Hyperactivated sperm motility driven by CatSper2 is
required for fertilization. Proc. Natl. Acad. Sci. U.S.A. 100, 14869–14874. doi:
10.1073/pnas.2136654100

Reaume, A. G., de Sousa, P. A., Kulkarni, S., Langille, B. L., Zhu, D., Davies,
T. C., et al. (1995). Cardiac malformation in neonatal mice lacking connexin43.
Science 267, 1831–1834. doi: 10.1126/science.7892609

Rejraji, H., Sion, B., Prensier, G., Carreras, M., Motta, C., Frenoux, J.-M., et al.
(2006). Lipid remodeling of murine epididymosomes and spermatozoa during
epididymal maturation. Biol. Reprod. 74, 1104–1113. doi: 10.1095/biolreprod.
105.049304

Ren, D., Navarro, B., Perez, G., Jackson, A. C., Hsu, S., Shi, Q., et al. (2001). A sperm
ion channel required for sperm motility and male fertility. Nature 413, 603–609.
doi: 10.1038/35098027

Riordan, J. R., Rommens, J. M., Kerem, B., Alon, N., Rozmahel, R., Grzelczak,
Z., et al. (1989). Identification of the cystic fibrosis gene: cloning and
characterization of complementary DNA. Science 245, 1066–1073. doi: 10.1126/
science.2475911

Ritagliati, C., Luque, G. M., Stival, C., Baro Graf, C., Buffone, M. G., and Krapf,
D. (2018). Lysine acetylation modulates mouse sperm capacitation. Sci. Rep.
8:13334. doi: 10.1038/s41598-018-31557-5

Rodríguez, C. M., Labus, J. C., and Hinton, B. T. (2002). Organic cation/carnitine
transporter, OCTN2, is differentially expressed in the adult rat epididymis. Biol.
Reprod. 67, 314–319. doi: 10.1095/biolreprod67.1.314

Roepman, R., Letteboer, S. J. F., Arts, H. H., van Beersum, S. E. C., Lu, X., Krieger,
E., et al. (2005). Interaction of nephrocystin-4 and RPGRIP1 is disrupted by
nephronophthisis or Leber congenital amaurosis-associated mutations. Proc.
Natl. Acad. Sci. U.S.A. 102, 18520–18525. doi: 10.1073/pnas.0505774102

Roosing, S., Lamers, I. J. C., de Vrieze, E., van den Born, L. I., Lambertus, S.,
Arts, H. H., et al. (2014). Disruption of the basal body protein POC1B results
in autosomal-recessive cone-rod dystrophy. Am. J. Hum. Genet. 95, 131–142.
doi: 10.1016/j.ajhg.2014.06.012

Rowe, S. M., Miller, S., and Sorscher, E. J. (2005). Cystic fibrosis. N. Engl. J. Med.
352, 1992–2001. doi: 10.1056/NEJMra043184

Rudd, N. L., Teshima, I. E., Martin, R. H., Sisken, J. E., and Weksberg, R. (1983).
A dominantly inherited cytogenetic anomaly: a possible cell division mutant.
Hum. Genet. 65, 117–121. doi: 10.1007/BF00286646

Sarig, O., Nahum, S., Rapaport, D., Ishida-Yamamoto, A., Fuchs-Telem, D., Qiaoli,
L., et al. (2012). Short stature, onychodysplasia, facial dysmorphism, and

Frontiers in Cell and Developmental Biology | www.frontiersin.org 16 February 2021 | Volume 9 | Article 634536

https://doi.org/10.1371/journal.pgen.1000833
https://doi.org/10.1093/brain/120.8.1485
https://doi.org/10.1038/nrg3245
https://doi.org/10.1038/s41467-019-10925-3
https://doi.org/10.1093/hmg/10.11.1117
https://doi.org/10.1093/biolreprod/81.s1.682
https://doi.org/10.1093/biolreprod/81.s1.682
https://doi.org/10.1038/5030
https://doi.org/10.1016/j.mod.2013.07.006
https://doi.org/10.1172/JCI25683
https://doi.org/10.1073/pnas.1922650117
https://doi.org/10.1073/pnas.1922650117
https://doi.org/10.1038/srep10364
https://doi.org/10.1002/ajmg.a.30700
https://doi.org/10.1002/ajmg.a.30700
https://doi.org/10.1093/hmg/dds285
https://doi.org/10.1038/srep20193
https://doi.org/10.1086/344395
https://doi.org/10.1038/ng1520
https://doi.org/10.1038/ng1274
https://doi.org/10.1038/ng1274
https://doi.org/10.1086/421846
https://doi.org/10.1016/S0015-0282(99)00567-1
https://doi.org/10.1086/346090
https://doi.org/10.1083/jcb.200908019
https://doi.org/10.1053/j.ackd.2009.12.001
https://doi.org/10.1053/j.ackd.2009.12.001
https://doi.org/10.1126/science.1074962
https://doi.org/10.1126/science.1074962
https://doi.org/10.1016/j.devcel.2007.08.008
https://doi.org/10.3389/fcell.2018.00072
https://doi.org/10.1073/pnas.0610286104
https://doi.org/10.1073/pnas.2136654100
https://doi.org/10.1073/pnas.2136654100
https://doi.org/10.1126/science.7892609
https://doi.org/10.1095/biolreprod.105.049304
https://doi.org/10.1095/biolreprod.105.049304
https://doi.org/10.1038/35098027
https://doi.org/10.1126/science.2475911
https://doi.org/10.1126/science.2475911
https://doi.org/10.1038/s41598-018-31557-5
https://doi.org/10.1095/biolreprod67.1.314
https://doi.org/10.1073/pnas.0505774102
https://doi.org/10.1016/j.ajhg.2014.06.012
https://doi.org/10.1056/NEJMra043184
https://doi.org/10.1007/BF00286646
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-634536 February 10, 2021 Time: 18:50 # 17

Linn et al. Spermatogenesis and Rare Disorders

hypotrichosis syndrome is caused by a POC1A mutation. Am. J. Hum. Genet.
91, 337–342. doi: 10.1016/j.ajhg.2012.06.003

See, K., Yadav, P., Giegerich, M., Cheong, P. S., Graf, M., Vyas, H., et al. (2014).
SMN deficiency alters Nrxn2 expression and splicing in zebrafish and mouse
models of spinal muscular atrophy. Hum. Mol. Genet. 23, 1754–1770. doi:
10.1093/hmg/ddt567

Seiler, A., Schneider, M., Förster, H., Roth, S., Wirth, E. K., Culmsee, C., et al.
(2008). Glutathione peroxidase 4 senses and translates oxidative stress into
12/15-lipoxygenase dependent- and AIF-mediated cell death. Cell Metab. 8,
237–248. doi: 10.1016/j.cmet.2008.07.005

Shibazaki, S., Yu, Z., Nishio, S., Tian, X., Thomson, R. B., Mitobe, M., et al. (2008).
Cyst formation and activation of the extracellular regulated kinase pathway
after kidney specific inactivation of Pkd1. Hum. Mol. Genet. 17, 1505–1516.
doi: 10.1093/hmg/ddn039

Shillingford, J. M., Murcia, N. S., Larson, C. H., Low, S. H., Hedgepeth, R., Brown,
N., et al. (2006). The mTOR pathway is regulated by polycystin-1, and its
inhibition reverses renal cystogenesis in polycystic kidney disease. Proc. Natl.
Acad. Sci. U.S.A. 103, 5466–5471. doi: 10.1073/pnas.0509694103

Singh, P., and Schimenti, J. C. (2015). The genetics of human infertility by
functional interrogation of SNPs in mice. Proc. Natl. Acad. Sci. U.S.A. 112,
10431–10436. doi: 10.1073/pnas.1506974112

Smith, A. C., Mears, A. J., Bunker, R., Ahmed, A., MacKenzie, M.,
Schwartzentruber, J. A., et al. (2014). Mutations in the enzyme glutathione
peroxidase 4 cause Sedaghatian-type spondylometaphyseal dysplasia. J. Med.
Genet. 51, 470–474. doi: 10.1136/jmedgenet-2013-102218

Sridharan, S., Simon, L., Meling, D. D., Cyr, D. G., Gutstein, D. E., Fishman, G. I.,
et al. (2007). Proliferation of adult sertoli cells following conditional knockout
of the gap junctional protein GJA1 (Connexin 43) in mice. Biol. Reprod. 76,
804–812. doi: 10.1095/biolreprod.106.059212

Strauss, M. B., and Sommers, S. C. (1967). Medullary cystic disease and familial
juvenile nephronophthisis. N. Engl. J. Med. 277, 863–864. doi: 10.1056/
NEJM196710192771606

Strünker, T., Goodwin, N., Brenker, C., Kashikar, N. D., Weyand, I., Seifert, R.,
et al. (2011). The CatSper channel mediates progesterone-induced Ca2+ influx
in human sperm. Nature 471, 382–386. doi: 10.1038/nature09769

Tarín, J. J., García-Pérez, M. A., Hamatani, T., and Cano, A. (2015). Infertility
etiologies are genetically and clinically linked with other diseases in single
meta-diseases. Reprod. Biol. Endocrinol. 13:31. doi: 10.1186/s12958-015-
0029-9

Taylor, S. S., Ha, E., and McKeon, F. (1998). The human homologue of Bub3 is
required for kinetochore localization of Bub1 and a Mad3/Bub1-related protein
kinase. J. Cell Biol. 142, 1–11. doi: 10.1083/jcb.142.1.1

Torres, V. E., Harris, P. C., and Pirson, Y. (2007). Autosomal dominant polycystic
kidney disease. Lancet 369, 1287–1301. doi: 10.1016/S0140-6736(07)60601-1

Toshimori, K., Kuwajima, M., Yoshinaga, K., Wakayama, T., and Shima, K. (1999).
Dysfunctions of the epididymis as a result of primary carnitine deficiency in
juvenile visceral steatosis mice. FEBS Lett. 446, 323–326. doi: 10.1016/S0014-
5793(99)00241-0

van Roermund, C. W. T., Visser, W. F., Ijlst, L., van Cruchten, A., Boek, M., Kulik,
W., et al. (2008). The human peroxisomal ABC half transporter ALDP functions
as a homodimer and accepts acyl-CoA esters. FASEB J. Off. Publ. Fed. Am. Soc.
Exp. Biol. 22, 4201–4208. doi: 10.1096/fj.08-110866

Vaquer, G., Rivière, F., Mavris, M., Bignami, F., Llinares-Garcia, J., Westermark,
K., et al. (2013). Animal models for metabolic, neuromuscular and
ophthalmological rare diseases. Nat. Rev. Drug Discov. 12, 287–305. doi: 10.
1038/nrd3831

Vicari, E., Mongioì, A., Calogero, A. E., Moncada, M. L., Sidoti, G., Polosa, P.,
et al. (1992). Therapy with human chorionic gonadotrophin alone induces
spermatogenesis in men with isolated hypogonadotrophic hypogonadism-long-
term follow-up. Int. J. Androl. 15, 320–329. doi: 10.1111/j.1365-2605.1992.
tb01131.x

Visconti, P. E., Bailey, J. L., Moore, G. D., Pan, D., Olds-Clarke, P., and Kopf,
G. S. (1995). Capacitation of mouse spermatozoa. I. Correlation between the
capacitation state and protein tyrosine phosphorylation. Dev. Camb. Engl. 121,
1129–1137.

Voos, W. (2009). Mitochondrial protein homeostasis: the cooperative roles of
chaperones and proteases. Res. Microbiol. 160, 718–725. doi: 10.1016/j.resmic.
2009.08.003

Wang, F., Kim, B.-E., Dufner-Beattie, J., Petris, M. J., Andrews, G., and Eide,
D. J. (2004). Acrodermatitis enteropathica mutations affect transport activity,
localization and zinc-responsive trafficking of the mouse ZIP4 zinc transporter.
Hum. Mol. Genet. 13, 563–571. doi: 10.1093/hmg/ddh049

Wang, H., Liu, J., Cho, K.-H., and Ren, D. (2009). A novel, single, transmembrane
protein CATSPERG is associated with CATSPER1 channel protein. Biol.
Reprod. 81, 539–544. doi: 10.1095/biolreprod.109.077107

Wang, Q., Pierce-Hoffman, E., Cummings, B. B., Alföldi, J., Francioli, L. C.,
Gauthier, L. D., et al. (2020). Landscape of multi-nucleotide variants in 125,748
human exomes and 15,708 genomes. Nat. Commun. 11:2539. doi: 10.1038/
s41467-019-12438-5

Wang, X., Jin, H., Han, F., Cui, Y., Chen, J., Yang, C., et al. (2017). Homozygous
DNAH1 frameshift mutation causes multiple morphological anomalies of the
sperm flagella in Chinese. Clin. Genet. 91, 313–321. doi: 10.1111/cge.12857

Watkins, P. A., Gould, S. J., Smith, M. A., Braiterman, L. T., Wei, H. M., Kok, F.,
et al. (1995). Altered expression of ALDP in X-linked adrenoleukodystrophy.
Am. J. Hum. Genet. 57, 292–301.

Wishart, T. M., Mutsaers, C. A., Riessland, M., Reimer, M. M., Hunter, G., Hannam,
M. L., et al. (2014). Dysregulation of ubiquitin homeostasis and β-catenin
signaling promote spinal muscular atrophy. J. Clin. Invest. 124, 1821–1834.
doi: 10.1172/JCI71318

Wolf, M. T. F. (2015). Nephronophthisis and related syndromes. Curr. Opin.
Pediatr. 27, 201–211. doi: 10.1097/MOP.0000000000000194

Won, J., de Evsikova, C. M., Smith, R. S., Hicks, W. L., Edwards, M. M.,
Longo-Guess, C., et al. (2011). NPHP4 is necessary for normal photoreceptor
ribbon synapse maintenance and outer segment formation, and for sperm
development. Hum. Mol. Genet. 20, 482–496. doi: 10.1093/hmg/ddq494

Wu, G., Markowitz, G. S., Li, L., D’Agati, V. D., Factor, S. M., Geng, L., et al. (2000).
Cardiac defects and renal failure in mice with targeted mutations in Pkd2. Nat.
Genet. 24, 75–78. doi: 10.1038/71724

Wu, X., Huang, W., Prasad, P. D., Seth, P., Rajan, D. P., Leibach, F. H., et al. (1999).
Functional characteristics and tissue distribution pattern of organic cation
transporter 2 (OCTN2), an organic cation/carnitine transporter. J. Pharmacol.
Exp. Ther. 290, 1482–1492.

Wykes, S. M., and Krawetz, S. A. (2003). The structural organization of sperm
chromatin. J. Biol. Chem. 278, 29471–29477. doi: 10.1074/jbc.M304545200

Xu, Y., Ashley, T., Brainerd, E. E., Bronson, R. T., Meyn, M. S., and Baltimore, D.
(1996). Targeted disruption of ATM leads to growth retardation, chromosomal
fragmentation during meiosis, immune defects, and thymic lymphoma. Genes
Dev. 10, 2411–2422. doi: 10.1101/gad.10.19.2411

Yamaguchi, S., Miura, C., Kikuchi, K., Celino, F. T., Agusa, T., Tanabe, S., et al.
(2009). Zinc is an essential trace element for spermatogenesis. Proc. Natl. Acad.
Sci. U.S.A. 106, 10859–10864. doi: 10.1073/pnas.0900602106

Young, J. D., Yao, S. Y. M., Baldwin, J. M., Cass, C. E., and Baldwin, S. A. (2013). The
human concentrative and equilibrative nucleoside transporter families, SLC28
and SLC29. Mol. Aspects Med. 34, 529–547. doi: 10.1016/j.mam.2012.05.007

Zhao, Y., Tan, C.-H., Krauchunas, A., Scharf, A., Dietrich, N., Warnhoff, K., et al.
(2018). The zinc transporter ZIPT-7.1 regulates sperm activation in nematodes.
PLoS Biol. 16:e2005069. doi: 10.1371/journal.pbio.2005069

Zheng, Y., Fischer, D. J., Santos, M. F., Tigyi, G., Pasteris, N. G., Gorski, J. L., et al.
(1996). The faciogenital dysplasia gene product FGD1 functions as a Cdc42Hs-
specific guanine-nucleotide exchange factor. J. Biol. Chem. 271, 33169–33172.
doi: 10.1074/jbc.271.52.33169

Zhu, Z., Yue, Q., Xie, J., Zhang, S., He, W., Bai, S., et al. (2019). Rapamycin-
mediated mTOR inhibition impairs silencing of sex chromosomes and the
pachytene piRNA pathway in the mouse testis. Aging 11, 185–208. doi: 10.
18632/aging.101740

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Linn, Ghanem, Bhakta, Greer and Avella. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 17 February 2021 | Volume 9 | Article 634536

https://doi.org/10.1016/j.ajhg.2012.06.003
https://doi.org/10.1093/hmg/ddt567
https://doi.org/10.1093/hmg/ddt567
https://doi.org/10.1016/j.cmet.2008.07.005
https://doi.org/10.1093/hmg/ddn039
https://doi.org/10.1073/pnas.0509694103
https://doi.org/10.1073/pnas.1506974112
https://doi.org/10.1136/jmedgenet-2013-102218
https://doi.org/10.1095/biolreprod.106.059212
https://doi.org/10.1056/NEJM196710192771606
https://doi.org/10.1056/NEJM196710192771606
https://doi.org/10.1038/nature09769
https://doi.org/10.1186/s12958-015-0029-9
https://doi.org/10.1186/s12958-015-0029-9
https://doi.org/10.1083/jcb.142.1.1
https://doi.org/10.1016/S0140-6736(07)60601-1
https://doi.org/10.1016/S0014-5793(99)00241-0
https://doi.org/10.1016/S0014-5793(99)00241-0
https://doi.org/10.1096/fj.08-110866
https://doi.org/10.1038/nrd3831
https://doi.org/10.1038/nrd3831
https://doi.org/10.1111/j.1365-2605.1992.tb01131.x
https://doi.org/10.1111/j.1365-2605.1992.tb01131.x
https://doi.org/10.1016/j.resmic.2009.08.003
https://doi.org/10.1016/j.resmic.2009.08.003
https://doi.org/10.1093/hmg/ddh049
https://doi.org/10.1095/biolreprod.109.077107
https://doi.org/10.1038/s41467-019-12438-5
https://doi.org/10.1038/s41467-019-12438-5
https://doi.org/10.1111/cge.12857
https://doi.org/10.1172/JCI71318
https://doi.org/10.1097/MOP.0000000000000194
https://doi.org/10.1093/hmg/ddq494
https://doi.org/10.1038/71724
https://doi.org/10.1074/jbc.M304545200
https://doi.org/10.1101/gad.10.19.2411
https://doi.org/10.1073/pnas.0900602106
https://doi.org/10.1016/j.mam.2012.05.007
https://doi.org/10.1371/journal.pbio.2005069
https://doi.org/10.1074/jbc.271.52.33169
https://doi.org/10.18632/aging.101740
https://doi.org/10.18632/aging.101740
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Genes Regulating Spermatogenesis and Sperm Function Associated With Rare Disorders
	Introduction
	Mechanisms Regulating Sertoli Cell Development and Function at Spermatogenesis
	Checkpoint Signaling Pathways Regulate Dna Damage Response at Meiosis
	Sperm Cellular Organization and Shape
	Sperm Motility and Capacitation
	Sperm Passage Through the Epididymis
	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References


